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Abstract

:

A growing theme in chemistry is the joining of multiple organic molecular building blocks to create functional molecules. Diverse derivatizable structures—here termed “scaffolds” comprised of “hubs”—provide the foundation for systematic covalent organization of a rich variety of building blocks. This review encompasses 30 tri- or tetra-armed molecular hubs (e.g., triazine, lysine, arenes, dyes) that are used directly or in combination to give linear, cyclic, or branched scaffolds. Each scaffold is categorized by graph theory into one of 31 trees to express the molecular connectivity and overall architecture. Rational chemistry with exacting numbers of derivatizable sites is emphasized. The incorporation of water-solubilization motifs, robust or self-immolative linkers, enzymatically cleavable groups and functional appendages affords immense (and often late-stage) diversification of the scaffolds. Altogether, 107 target molecules are reviewed along with 19 syntheses to illustrate the distinctive chemistries for creating and derivatizing scaffolds. The review covers the history of the field up through 2020, briefly touching on statistically derivatized carriers employed in immunology as counterpoints to the rationally assembled and derivatized scaffolds here, although most citations are from the past two decades. The scaffolds are used widely in fields ranging from pure chemistry to artificial photosynthesis and biomedical sciences.
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1. Introduction


Molecular scaffolds defined here concern structures that serve as carriers of diverse covalently attached groups. The concept of carriers dates at least a century ago to studies in the early days of immunology [1]. Certain small molecules alone were found to be non-immunogenic; however, upon conjugation of multiple copies of the small molecules to a larger carrier, an immune response was elicited. From those studies originated a strong theme of research in immunology [2], and diverse carriers are now known to which small molecules (“haptens”) can be conjugated [3,4,5]. Such carriers include polysaccharides (e.g., dextran) [6], proteins (e.g., bovine serum albumin, keyhole limpet hemocyanin) [7,8], and dendrimers [9,10].



Valuable material entities for the development of scaffolds for diverse applications have been provided by peptides and proteins. The sequence specificity of proteins reflects an exquisite and compelling degree of molecular order, yet at the same time proteins present limitations toward derivatization. The limitations include the few distinct orthogonal reactive functional groups (e.g., amine, thiol) and the typical situation of statistical derivatization of multiple like functional groups leading to a heterogeneous mixture. Protein engineering has yielded towering accomplishments in molecular design, yet use of proteins as general scaffolds remains constrained due not only to the challenges of limited functional group availability but also the requirement for appropriate folding and avoidance of denaturation.



A growing theme in organic chemistry has been the development of molecular building blocks that can be assembled in a straightforward manner. Variation in the use of assorted building blocks enables access to distinct architectures. Building block chemistry enables de novo construction of target architectures, which can be used directly or derivatized further depending on the application. Accordingly, de novo synthesis with molecular building blocks (“bottom up”) is complementary to the use of intact, complex structures such as proteins as substrates for derivatization (“top down”).



In this paper, we focus on molecular scaffolds that are prepared by de novo synthesis. In the ideal case, a scaffold is associated with the following attributes: (1) the synthesis is scalable to gram-quantities; (2) the synthesis is rapid; (3) the scaffold sample is homogeneous (i.e., monodisperse); (4) the scaffold can be derivatized in a rational manner with regards to the number and type of attached units; (5) the derivatization of the scaffold can be done at an early or late-stage as desired; (6) the scaffold can be tailored with regards to polarity; (7) the scaffold is not susceptible to denaturation, or function does not depend on specific folding; and (8) the scaffold affords architectural control over the disposition of attached groups in the regime of 10–100 Å. The chief motivations for the preparation and use of scaffolds arise in the life sciences. Such applications are immensely diverse as illustrated herein; representative examples include molecular imaging and diagnostics, molecular brachytherapy, and therapeutic interventions [11,12,13,14]. Scaffolds enable preparation of multifunctional molecules, which are broadly defined as hybrid or conjugated agents comprised of two or more components [15].



The review is organized as follows. We first introduce and define the concept of a hub molecule, which is employed in the formation of scaffolds (Section 2). We then describe the use of graph theory to categorize the various scaffolds independent of their molecular composition (Section 3). We then describe the special features of polyethylene glycol (PEG) groups for aqueous solubilization given the wide use of the scaffolds in the life sciences (Section 4). We then launch into the core of the review, where illustrative scaffolds are described on the basis of the hubs (none, amino acids, triazine, benzene, nitrogen, carbon, and diverse functional entities; Section 5, Section 6, Section 7, Section 8, Section 9, Section 10 and Section 11). We finish with an overview of the various scaffolds (Section 12). Altogether, the review describes 30 hub molecules, 31 distinct molecular graphs, and 107 examples (scaffolds and derivatives thereof). To enable evaluation of synthetic accessibility, the syntheses of 19 scaffold examples are described. The review covers the period from inception to the present, although most citations concern the period 2000–2020. Taken together, the review aims to provide an in-depth assessment of diverse molecular scaffolds for facile construction of multifunctional molecules, the applications of which chiefly encompass the life sciences and material sciences.




2. Hub Molecules and Rational Chemistry


We define hub molecules as the constituents that make up a scaffold. A vast number of multifunctional molecules that utilize hub structures has been reported. Our focus is on hub units that fulfill the following criteria: (1) are small organic molecules, typically <400 Da, although hub molecules that provide an implicit function in addition to serving as a nexus may be larger; (2) are well-determined as a single compound by nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry; (3) include provisions to conjugate ≥3 functional molecules, including ≥2 distinct molecular entities; (4) covalently anchor to linkers or functional molecules; and (5) support rational chemistry including formation of monodisperse, homogeneous scaffolds.



Rational chemistry entails exacting and successive introduction of different kinds of functional molecular entities. The counterpart to rational chemistry is statistical chemistry, where, for example, a set of reacting groups on a molecule is treated with a sub-stoichiometric quantity of derivatizing reagent, whereupon reaction proceeds in stochastic fashion. A distribution of product molecules results comprised of different numbers of derivatized groups and at distinct sites; for a given number of derivatized groups a large number of isomers is expected given the distinct sites of reaction. Separation of such a mixture is typically very challenging.



An example of statistical chemistry is shown in Figure 1. Consider a scaffold equipped with five identical sites that react equivalently and independently. Imagine the goal of preparing the target compound wherein only one site has been derivatized. Thus, treatment is carried out with one molar equivalent of a derivatization reagent. What is the outcome? This type of problem is described by the Poisson equation, and the resulting mixture is referred to as a Poisson distribution. The Poisson equation is derived from the binomial equation in the limit where the number of events becomes infinite and the probability of an event becomes infinitesimal. The Poisson and binomial distributions can be quite similar but the Poisson distribution can be more easily calculated. The Poisson equation is shown in Equation (1):


  P  (  x = k  )  =    m k   e  − m     k !    



(1)




where m is the mean (here the loading number), k is the number of “hits” or sites that have undergone derivatization (k takes on integer values 0, 1, 2, 3, 4, etc.), and x is the expectation of a particular value of k [16].



The Poisson distribution for the mean number of derivatizations (“loading number”) equal to one is given in Figure 1; the probability of one and only one appended group is 36.8%, with 36.8% unreacted and 26.4% bearing two or more appended groups. Running the reaction with a higher loading of 1.5 gives 33.5% of the singly reacted scaffold and shifts material from unreacted (22.3%) to derivatized with ≥2 groups (44.2%). Moving in the opposite direction, with extreme sub-stoichiometric loading (0.3), the singly reacted scaffold is now 22.2%, and unreacted is 74.1%. There is no simple means to circumvent statistics in these situations.



The chemistry situation is actually substantially worse than these compositional statistics would indicate. For each product other than starting scaffold and the exhaustively derivatized scaffold, there are isomers. The number of isomers is given by the binomial equation. In this case for scaffold (S) with various number of appended groups (A), the number of isomers for A-Sn is shown in parentheses as follows: A-S0 (1), A-S1 (5), A-S2 (10), A-S3 (10), A-S4 (5), and A-S5 (1). The total number of distinct products is 32. For the reaction with mean loading of 1, the total yield of the singly derivatized scaffold A-S1 is 36.8%, and each of the five isomers therein is present at 7.36%. Even if one has available a method for separating the products that differ in number of appended groups, one still needs to separate the isomers for a given composition. The resulting yield of specific target compound is meager, indeed. We note also that the illustration given here concerns a simple case; a small protein such as myoglobin (~17 kDa) has 14 accessible amines (13 surface lysine ε-amines, and the α-amino group) [17], whereas an antibody (150 kDa) may have >50 accessible amines.



With the statistical example as a backdrop, it is worthwhile to point out the hubs and scaffolds that are excluded by the focus herein on rational chemistry. The following are omitted: dendrimers, synthetic or naturally derived polymers, solid nanoparticles, carbon nanomaterials, DNA nanostructures, metal–organic frameworks, proteins, dendrimers, polysaccharides, and multifunctional supramolecules (e.g., liposomes, micelles, host–guest complexes). We note that polysaccharides have been widely used as carrier molecules in the life sciences, and dendrimers provide more synthetically controlled architectures with defined numbers of substituents depending on the generation number (Figure 2). Regardless, the focus here concerns those scaffolds that support rational incorporation of ≥2 distinct groups. The hubs that underpin the scaffolds described herein are shown in Figure 3.



Subsequent sections delineate diverse scaffolds. For selected examples, the full synthesis is outlined. The compounds for which syntheses are displayed generally meet the following criteria:




	
Published within the past 10–20 years.



	
Represent the characteristics of the hub in molecular design and synthesis.



	
Have an elaborate molecular structure and corresponding graph.



	
Are prepared by a distinctive (sometimes non-obvious) synthesis.



	
Are prepared by selective (convergent), unique, and efficient synthetic methods.



	
Have reliable experimental data such as synthetic yield and characterization.








Before describing diverse scaffold architectures, we first turn to graph theory for abstract categorization of the various architectures.




3. Graph Theory in Design of Multifunctional Molecules


Graph theory is a branch of mathematics related to topology and combinatorics, and deals with the connectivity of plural objects [18]. Graph theory has been applied to chemistry to denote the connection network of atoms in terms of vertices and edges, which is known variously as a chemical graph, molecular graph, structural graph, or constitutional graph [19,20]. Inspired by this chemical graph theory, we describe multifunctional molecules in schematic tree diagrams.



The present review encompasses 31 distinct trees. The trees are shown in Figure 4. The graph labeling is shown for each tree. In graph theory, a connected, undirected, and acyclic graph is termed a tree, which has >2 nodes (or vertices). Thus, the architecture of a multifunctional molecule may be regarded as “a tree” wherein each node is a molecular hub. In graph terminology, the number n of arms on a hub is denoted by [n] and the number of times m that the hub appears is given as a suffix, [n]m. We are aware that the denotation [n]m is a modification of common graph theory as required for molecular description. Distinct hubs are enumerated so that, for example, a tree with one four-arm hub and two three-arm hubs would be denoted by architecture [4]1[3]2, where the one can be omitted for clarity. The total number of groups attached to the scaffold are listed as a group regardless of identity. Thus, the tree with two three-arm hubs and one four-arm hub could have six substituents, in which case the tree would be denoted by architecture [4][3]2[1]6. Note that we use the terminology tree, graph, and architecture interchangeably here.



A shortcoming of the graph terminology is the absence of information concerning the number of distinct groups attached to the scaffold. For example, the aforementioned [4][3]2[1]6 tree could have six distinct groups or six identical groups or various combinations in between. To denote the richness of the various groups, we also use an abecedarian nomenclature. Thus, a [4][3]2[1]6 tree could be substituted with ABCDEF, A6, A2B2C2 groups, and so forth. Both the graph terminology to indicate the tree architecture and the abecedarian nomenclature to express the distinct derivatization of the scaffold are essential.



The scaffolds described here range from simple examples with tree designations such as architecture [3][1]3 to more complex examples such as architecture [3]2[2]3[1]4, as shown in Figure 4. Three molecular graphs have cyclic hubs, which are distinguished from the others by adding a prefix “c-” to the graph denotation such as architecture c-[4]6[1]12. Immense richness is available via derivatization of the various scaffolds with functional units (vide infra). The term “N” represents the number of the ABC groups. We now turn to delineate the graph terminology in the context of the specific types of hubs considered here. Additional terminology is described which conveys the sequence order for synthesis of the architecture including the scaffold and the functional substituents.



The multifunctional molecules in this review are composed of at least one hub that is tri- or tetra-armed (represented as a red triangle or rhombus). The ABCD functional units are attached to the scaffold via inert linkers or a functional linker. A functional unit is designated by an open circle containing an inscribed “X” (or ABCD). A linker that serves as a functional unit is displayed as a rectangle wherein “X” is inscribed. Hub molecules are rendered as a red triangle or rhombus. When the hub has a function other than a mere nexus, like that of ABCD molecules, an “X” is inscribed in the triangle or rhombus. This terminology fully describes the tree architecture and the distinctive composition of functional units. Note that there is not a 1:1 mapping of hubs (specific molecular entities) and trees (elaborated molecular constructs). One further terminology includes incorporating numbers alongside each functional unit in the graph to indicate the synthesis order of attachment on the hub or functional linker.



The following describes the steps to determine graphs and appropriate nomenclature for multifunctional molecules.



	
Count all the edge-forming reaction steps of the graph. For a single hub, counting proceeds sequentially with each distinct (A, B, C, etc.) unit. An example is shown in Figure 5A. When there are ≥2 hubs, counting starts at the parent hub in linear sequential fashion. For a convergent synthesis step, wherein multiple identical groups become attached to one hub, the number of edge-forming reaction steps is tallied as one. If the edge has been formed in a commercially available building block, the counting for the edge is labeled as “0”. An example is shown in Figure 5B, which contains a scaffold composed of two hubs and A3BC substituents.



	
Identify the parent hub. If the molecule contains ≥2 hubs, the number of edge-forming reaction steps starting at each hub is compared. The hub designated as the parent has the largest number of edge-forming reaction steps. If the steps are identical, four-arm hubs override three-arm hubs. If both the steps and the arm-numbers are identical, the parent hub is selected arbitrarily, considering the complexity of the molecular structures and the length of the synthetic process. An example is shown in Figure 5B, which contains two hubs in the scaffold, a three-arm and a four-arm hub. The three-arm hub is the parent because there are three distinct substituents (e.g., A, B and the four-arm hub) whereas the four-arm hub contains three identical substituents and the three-arm hub.



	
Denote the synthesis order. The synthesis order is not unique to a particular tree but reflects the choices for a particular instantiation of a given tree to reach a particular target molecule. An example is provided in Figure 5C for the tree [3][2][1]3. Here, the three-arm hub is sequentially derivatized (Steps 1 and 2), the functional linker is derivatized with the functional unit Xd (Step 3), and the other terminus of the functional linker is joined to the third arm of the three-arm hub (Step 4). This terminology embodies the synthesis order, which for hubs, linkers, and functional units as molecular building blocks allows concise representation of a large quantity of information without expression of all the intricate details typical of a synthetic scheme.



	
Assign the functional units. If the molecule contains ≥2 identical functional units, the units are named alphabetically in order of the number of the identical units. Thus, A2BC is preferred versus AB2C. If the number is identical, the units conjugated to the parent hub in the earliest step have the highest priority. For a subunit (a group of units), the unit with the least distance (edge number) from the parent hub has the highest priority. The example shown in Figure 6 is the tree with graph [3][2]3[1]3, functional units ABCDEF, and a synthesis that assembles A–E in a sequential manner to build the two arms of the three-arm hub and then attaches the functional unit F in the final step.






In summary, this terminology is not perfect but does embody a great deal of information in a shorthand way that concisely describes the architecture of the scaffold including the number of hubs, the number of distinct linkers and functional units, and the order of steps in the synthesis.



A multifunctional molecule is considered here as an assembly of ≥3 (bio)functional constituents attached to a hub unit, and each (bio)functional component is assigned with an abcedarian formula. For example, a multifunctional molecule with three distinct components is referred to as “ABC”. In another example, a multifunctional molecule that contains two identical units of A, one unit of B, and one unit of C is assigned as “A2BC”. Each so-named ABC… construct can be categorized by one of five chief functionalities as follows: (1) conjugatable group; (2) bioactive group; (3) imaging agent; (4) reactive group; and (5) other functionality. A bioactive group includes not only a ligand and drug that together act as a targeting entity, therapeutic agent, and molecular capture agent but also any enzyme substrate that engenders an enzyme responsive function. In the case of multifunctional molecules for cancer therapy, for example, representative bioactive groups are the Arg-Gly-Asp (RGD) motif for targeting, the Val-Cit (citrulline) peptide as a cathepsin B-cleavable sequence, and doxorubicin as the chemotherapy drug [21]. Imaging agents often include a fluorophore, quencher, metal chelator, and/or radioisotope [22,23,24,25]. Reactive groups such as light- or redox-responsive linkers as well as self-immolative linkers are used for not only chemical labeling probes but also stimuli-activatable probes for biological species [26,27,28,29]. Enzyme-responsible cleavable linkers (e.g., peptides cleaved by proteases) can serve as reactive groups or bioactive groups, but here were included solely in the latter category. Other functionalities include water-solubilizing tags, lipid tags, and ionic tags including, for example, a cell penetrating peptide.




4. Solubilizing Groups


Solubilizing groups can be appended to a hydrophobic structure or can be an integral constituent of a scaffold. Numerous groups have been employed as appendages to impart aqueous solubility to hydrophobic molecules. Examples of ionic solubilizing groups that are readily appended are pyridinium, ammonium, sulfonates, phosphonates, phosphates, and glucuronides, of which selected examples are displayed in Figure 7. The chief example of a non-ionic solubilizing group is provided by polyethylene glycol (PEG). Solubilizing groups often are incorporated or are integral to moieties that play a functional role. For example, self-immolative groups release a molecular cargo upon an appropriate trigger, such as enzymatic action or illumination. The chemistry concerning self-immolative linkers has developed immensely over the past few years. The reader is referred to excellent reviews on this topic [29,30,31].



Among various hydrophobic compounds, tetrapyrrole macrocycles may present one of the most significant challenges given the size of the disk-like macrocycle. The solubilization of tetrapyrroles has been examined with the full gamut of ionic and non-ionic solubilization motifs. Excellent reviews [32,33,34] concerning the solubilization of tetrapyrrole macrocycles have appeared, along with specific articles [35,36,37,38], and the various solubilization motifs will not be repeated here. Specific groups are described in the context of the 107 target molecules (vide infra). One group that does warrant explicit comment, paradoxically despite widespread use, is the PEG unit.



The PEG unit has been widely used for imparting aqueous solubility [36,39]. The synthetic chemistry for the preparation of PEG compounds is well developed. Indeed, monodisperse and heterotelechelic PEG reagents of specified length and bearing diverse handles are available, where monodisperse means all molecules have the same length (i.e., a homogeneous sample) and heterotelechelic means the two end groups are distinct [40,41,42,43]. The commercial availability of heterotelechelic monodisperse PEG reagents of specified length has facilitated widespread applications including in the biomedical arena [42,43,44].



One remarkable, unappreciated, and convenient aspect of PEG chemistry concerns solubility: PEG units are soluble both in water and in a variety of organic solvents [39]. On this account, a convenient purification tactic can be implemented. When hydrophobic compounds are PEGylated, purification often can be achieved by partitioning the product between aqueous and organic phases—the PEGylated compound partitions preferentially into the organic phase, whereas salts, polar solvents, and other polar entities (e.g., catalysts, reagents, byproducts) partition into the aqueous phase. Few if any other water-solubilization motifs exhibit this dual-solubility feature.



The PEG entity is typically drawn in the condensed form of –(CH2CH2O)n– with appropriate end groups, or is presented in extended fashion in a line drawing. Neither adequately conveys the features that impart water solubility. Some comments are warranted in this regard on the remarkable features of PEG groups in providing aqueous solubility to diverse hydrophobic molecules. Said differently, while the effects of PEG groups are widely exploited, just how unique such features are may be less appreciated. Begum and Matsuura (1997) address this issue as follows [45]:




“The fact that other polyethers such as poly(oxymethylene) (–OCH2–)m, poly(oxytrimethylene) (–OCH2CH2CH2–)m and poly(oxypropylene) [–OCH2CH(CH3)–]m are insoluble in water implies that the distance between the neighboring ether oxygen atoms along the chain and the hydrophobicity and size of the alkylene spacer between the ether oxygens are important factors of the water solubility. As the spatial distance between the ether oxygens depends directly on the conformation of the polymer chain, the phase behavior of the poly(oxyethylene)–water system should be closely related to the poly(oxyethylene) chain conformation.”





Begum and Matsuura further emphasize that two features: (1) stabilization of the gauche conformation of the O–C–C–O segment, and (2) the interaction of water, via hydrogen-bonding, with the –OCH2CH2– units—together give rise to a partly helical conformation and aqueous solubility [45].



The extent to which the PEG unit is unique in imparting aqueous solubility can perhaps be seen in the following comparison, expanding on the text by Begum and Matsuura. Polymers containing oxyalkyl repeat units are shown in Figure 8. The polymers contain the repeat unit (–OCH2–)m, (–OCH2CH2–)m (i.e., PEG) and (–OCH2CH2CH2–)m. Casual consideration might regard each to be water-soluble, extrapolating from the features of PEG, that the aqueous solubility of PEG group originates simply from the large number of oxygen atoms for hydrogen bonding with water. However, the (–OCH2–)m polymer (4a), which has twice the ratio of oxygen to carbon than –OCH2CH2– (PEG, 4b), is not water soluble, nor is the polymer composed of (–OCH2CH2CH2–)m units (4c). Among polyalkylethers, the structural requirements for aqueous solubility are sharply poised on the (–OCH2CH2–)m unit (PEG) and neither (–OCH2–)m nor (–OCH2CH2CH2–)m is water soluble.




5. Linear Functional Molecules, No Hubs (13)


Linear functional molecules that lack a hub come in considerable variety. Seven examples are shown in Figure 9, each of which has composition ABC and architecture [2][1]2. As a very compact example, an affinity-based probe (5a) for cell-based protein profiling and target validation was developed [46]. The probe is comprised of three functional components: (A) a diazirine linker as a photoaffinity labeling (PAL) agent; (B) an alkyne as a conjugatable group for visualization or enrichment of the labelling events, and (C) tankyrase1/2 inhibitor XAV-939 as a targeting agent for proteomic studies of the carcinogenic Wnt signaling pathway.



A trifunctional photoaffinity probe (5b) was developed for investigation of the potential target proteins of oleanolic acid (OA). The probe is comprised of three functional components: (A) a benzophenone linker as a PAL agent; (B) OA as a targeting agent for complementary proteins, and (C) a biotin tag [47].



An inflammation-guided redox-responsive cancer prodrug (5c) was developed [48]. The prodrug is comprised of three functional components: (A) a thioether linker cleaved by reducing (glutathione) or oxidative (H2O2) inputs likely to be present in physiological media and/or the tumor microenvironment; (B) a nonsteroidal anti-inflammatory drug both as a targeting agent for a cyclooxygenase enzyme (e.g., COX-2) that is overexpressed in various cancers and as an immunotherapeutic drug, and (C) topoisomerase-I inhibitor SN-38 as a chemotherapeutic drug.



An enzymatically activated prodrug of doxorubicin (5d) was developed that is comprised of three functional components: (A) a benzyloxycarbony group as a self-immolative linker; (B) galactose as a substrate sugar for β-galactosidase, and (C) doxorubicin as an anticancer drug [49]. A probe (5e) was developed for the in vivo detection and imaging of urokinase-like plasminogen activator (uPA) [50]. The probe undergoes Förster resonance energy transfer (FRET) [51,52,53,54] and is comprised of three functional components: (A) Ser-Gly-Arg-Ser-Ala-Asn-Ala heptapeptide linker cleaved by uPA; (B) a pentamethine cyanine dye (Cy5.0) as a fluorophore, and (C) a phenazinium-substituted azo dye referred to as Black Hole Quencher-3 (BHQ-3). A Kondrat’eva cycloaddition [55] of 5-alkoxyoxazole and maleimide reactants was utilized to couple the BHQ-3 moiety and the Cy5.0-heptapeptide unit.



A tumor-targeted agent (5f) was developed that is comprised of three functional components: (A) a GDEVDGSGK peptide as a pharmacokinetics-modifying linker to impart enhanced water solubility, better delivery efficiency, and decreased normal tissue toxicity; (B) a 64Cu-containing chlorophyll derivative, and (C) folate as a targeting agent for cancer cells wherein the FR is upregulated and over-expressed [56]. The compound was envisaged as a photosensitizer for photodynamic therapy (PDT) [57,58] and optical/positron emission tomography (PET) [59,60] imaging, although tetrapyrrole–copper chelates typically have short excited-state lifetimes [61]. As a general rule, long excited-state lifetimes are preferable for photoactivity, although PDT activity is the product of multiple factors, and counterexamples to this general rule are known [62].



A PAL probe (5g) was developed for the identification and characterization of molecular targets/domains in γ-secretase [63]. The probe is comprised of three functional components: (A) a phenyldiazirine linker as a PAL agent; (B) a biotin tag, and (C) a dibenzoazepine-type LY411575 analogue as a targeting agent for γ-secretase. In summary, each of the aforementioned seven compounds shown in Figure 9 constitutes an example of the architecture [2][1]2.



We now turn to linear molecules that contain more than three components. Six representative examples are shown in Figure 10. A matrix metalloproteinase (MMP)-activated prodrug (5h) was developed for cancer treatment [64]. The prodrug is comprised of four functional components: (A) a Leu residue for cleavage by intracellular or extracellular proteases; (B) a Hof-Tyr dipeptide for degradation by extracellular proteases, where Hof is homophenylalanine; (C) an Ac-Pro-Cit-Gly tripeptide for cleavage by MMP-2, MMP-9, and MMP-14 (which are frequently over-expressed in human tumors), and (D) doxorubicin as a cytotoxic drug. This construct (5h) has composition ABCD and architecture [2]2[1]2. The prodrug was cleaved in the middle of the hexapeptide by the presence of MMP-2, -9, and -14 to generate a Hof-Tyr-Leu–doxorubicin conjugate. The latter conjugate was subsequently degraded by extracellular proteases to release Leu–doxorubicin, which in turn may be converted by further proteolytic cleavage either inside or outside cells to give the cytotoxic doxorubicin.



A mitochondria-targeted DNA alkylating agent (5i) that is activated by hypoxia was developed for delivery to tumors and the mitochondria therein (Figure 10) [65]. The agent is comprised of four functional components: (A) rhodamine 123B as a fluorophore; (B) an azo linker as a reduction-cleavable quencher under hypoxic conditions typical of tumors [66]; (C) N,N-bis(2-chloroethyl)-1,4-benzenediamine as a DNA alkylating agent, and (D) triphenylphosphonium as a targeting agent for hyperpolarized mitochondria of cancer cells in solid tumors. This construct (5i) has composition ABCD and architecture [2]2[1]2.



A tumor-targeting prodrug (5j) for the precision therapy of non-small-cell lung cancer was developed (Figure 10) [67]. The prodrug is comprised of four functional components: (A) a disulfide linker cleaved by glutathione in tumors; (B) an aza-BODIPY as a fluorophore (the authors used the term azo-BODIPY but aza-BODIPY is employed here, where BODIPY refers to a difluoroboron-dipyrrin); (C) the drug Gefitinib for treatment of lung cancer, and (D) a polyamine derivative as a targeting agent for the polyamine uptake system. This construct (5j) has composition ABCD and architecture [2]2[1]2.



A theranostic dual-acting prodrug delivery probe (5k) also was developed for cancer therapy (Figure 10) [68]. The probe is comprised of four functional components: (A) a tetraphenylene derivative that exhibits aggregation-induced emission (AIE) [69,70] and serves as a donor in FRET; (B) cisplatin as an anticancer drug; (C) the cyclic peptide cyclo(-Arg-Gly-Asp-d-Phe-Pag-) as a targeting agent for αvβ3 integrin (where Pag refers to propargylglycine), which often is over-expressed in cancer cells, and (D) doxorubicin as a cytotoxic drug and FRET acceptor. This construct (5k) has composition ABCD and architecture [2]2[1]2.



A chemical probe (5l) was developed for labeling of galectin-3, which is a lectin associated with cancer (Figure 10). The probe is comprised of three functional components: (A) a benzophenone linker as a PAL agent; (B) an alkyne as a conjugatable group for post-labeling with a fluorophore, and (C) a thiodigalactoside as a targeting agent for galectin-3 [71]. This construct (5l) has composition A2B2C and architecture [2]3[1]2.



A cell-penetrating peptide bearing a H2O2-activatable cleavage site (5m) was developed (Figure 10) [72]. The agent is comprised of five functional components: (A) a phenylboronic acid linker, which is cleaved by H2O2; (B) a (D-Glu)9 peptide as a polyanionic linker; (C) a (D-Arg)9 peptide as a cell-penetrating peptide; (D) a pentamethine cyanine dye (Cy5) as a FRET acceptor, and (E) 5-carboxyfluorescein as a FRET donor. This construct (5m) has composition ABCDE and architecture [2]3[1]2. Oxidation of the phenyl boronic acid by H2O2 forms a phenolate that subsequently undergo a spontaneous 1,6-elimination, resulting in fragmentation of the agent and release of the cell-penetrating peptide domain. Visualization of the consequences of the oxidation with H2O2 was facilitated by fluorescent labeling of the two peptide domains.




6. Amino Acid and Peptide Hubs—General Features


Amino acid-based hubs provide versatile building blocks for construction of multifunctional molecules [73]. An amino acid has one amine (-NH2) and one carboxylic acid (-COOH), and many amino acids contain an additional functional group on the side chain, providing trifunctional hubs. The advantages of using an amino acid or peptide as a hub are as follows: (1) biocompatibility; (2) rich options for functionalizing the side chain (including non-natural amino acids); (3) seamless incorporation of peptide-based appendages; (4) expandability of amino acid hubs into peptides to give densely functionalized scaffolds, and (5) availability of well-developed reagents and protecting groups. Amino acids, as basic constituents of proteins, play a key role in virtually all biological processes [74]. Therefore, the biocompatibility of an amino acid or peptide core is ensured in principle, unless a non-natural amino acid is used. Native amino acids have up to eight distinct functional groups including amino, carboxy, hydroxy, carbamoyl, sulfanyl, amide, guanidino, and thiol groups as well as indole and imidazole rings. Moreover, a variety of non-natural azido or propargyl amino acids for click chemistry are now commercially available [75]. The components to be used in constructing the scaffold dictate the functionality of the side chains. Multifunctional molecules often contain one or more peptide components such as an enzymatically cleavable peptide, peptide ligand and inhibitor, or cell penetrating peptide [76,77,78,79]. When several peptide units are used as building blocks, it is possible to synthesize continuous linear peptide components via solid-phase peptide synthesis (SPPS), which allows for easy and fast (including automated) synthesis [80]. In addition, scaffolds that contain two or more amino acid hubs provide much functionality. New peptide coupling reagents and protecting groups have been extensively developed, and nowadays the desired peptide can be synthesized in high yield, in high purity, and in a scalable manner while minimizing side reactions [81,82].



On the other hand, amino acid-based chemistry is not without drawbacks and pitfalls, such as the following: (1) requirement for two or more orthogonal protecting groups; (2) ever-present possibility of racemization; (3) side reactions; (4) aggregation; and (5) low biostability. The various functional groups in amino acids make proper selection of protecting groups complicated. Hence, a promising synthetic strategy can be jeopardized if the corresponding protecting groups are not properly chosen. The protection of the C-terminal carboxylic acid is different in SPPS to liquid-phase peptide synthesis (LPPS). In SPPS, the C-terminus is commonly covalently bound to the resin as a solid support. Hence, C-terminal protection is not required because the resin acts both as a solid support and as a protecting group. For scaffold synthesis, where the number of peptide bonds may be few or the peptide may be elaborated as part of a non-peptide structure, it is common to use LPPS rather than the standard SPPS, which is common for preparing linear peptides of some length.



All native amino acids excepting glycine contain a chiral center at the α-carbon atom, and isoleucine and threonine have an additional chiral center at the β-carbon atom. The properties of amino acids and peptides crucially rely on maintaining the fidelity of the configuration of each chiral center. The inversion of a single chiral center in the peptide can affect its biological activity. To avoid epimerization, mild reaction conditions and appropriate coupling reagents are essential. The mechanisms of epimerization for a peptide (6a) upon activation of the carboxylic acid (6b) entail base-catalyzed direct enolization (Path A) to give the stereochemically altered product (6c) and formation of the oxazolone (6d) (Path B) (Figure 11A) [83]. Both side reactions can prevail when the carboxylic acid moiety is converted to the active ester during the coupling process to give the peptide product (6e). A second significant, and less obvious, side reaction is formation of the 2,5-diketopiperazine (DKP). A linear dipeptide (6f) containing a leaving group at the C-terminus can readily cyclize to form the six-membered DKP (6g) (Figure 11B) [84]. Additional unwanted reactions are many and typically entail involvement of side chains such as aspartimide and pyroglutamate formation, transference of cleaved protecting groups, guanidinylation, and so on [85,86,87]. Aggregation of nascent peptide chains during SPPS can lead to slow and incomplete reaction [88,89]. Aggregation propensity depends on the peptide sequence, which is difficult to predict accurately in advance [90]. A peptide consisting exclusively of natural amino acids (L-configuration) is easily hydrolyzed by proteases in vivo. Peptides containing D-amino acids or synthetic amino acids, or that exist as cyclic peptides, are often not recognized by proteases or by the immune system, and can exhibit high protease resistance (biostability) and perhaps lower immunogenicity.



Lysine, which has two amino and one carboxylic acid groups, is widely used for construction of ABC and A2B type multifunctional molecules. The requisite protecting groups for the two amines can be chosen from a variety of commercially available orthogonally protected lysine derivatives. Moreover, synthetic routes to azidolysine (2-amino-6-azidohexanoic acid) have been developed for the construction of the multifunctional molecules via click chemistry [91].



An amino acid used time and again as a hub is lysine, as described below. Yet glutamic acid, cysteine, serine and threonine are quite versatile and may be somewhat overlooked. Hence a short digression concerning these four amino acids, which have some subtle and perhaps non-obvious features, follows here.



Glutamic acid has two carboxylic acid groups and one amino group, and in that regard is the complement of lysine. The carboxylic acid can be preactivated as the isolable and storable ester of N-hydroxysuccinimide (NHS), providing a ready substrate for selective coupling with an amine. However, there are limitations on the use of Glu compared with Lys because the shorter side chain of Glu compared with Lys, often causing insertion of an appropriate linker to be mandatory. On the other hand, a common motif is Arg-Gly-Asp as part of a cyclic peptide (which can contain other amino acids but is designated as cRGD), which specifically binds to αvβ3 integrin (known to be overexpressed on cancer cells [92]). When the cRGD is used for targeting, the presence of a Lys in the cyclic peptide can be used advantageously as a conjugatable residue for attachment to an Nα-protected Glu hub. Indeed, cRGD peptides including a lysine residue such as cyclic Arg-Gly-Asp-Xaa-Lys (where Xaa is D-Phe or D-Tyr) are broadly used as targeting agents for cancer imaging and therapy. Multiple cRGD peptides have been reported to not only enhance the affinity to αvβ3 integrin by multivalent and cluster effects but also prevent rapid washout from a target tumor [93]. In such multiple cRGD strategies, two Lys-containing cRGD peptides can be easily and simultaneously conjugated with a multifunctional molecule between the amine on the side chain of Lys in the cRGD peptide and two carboxylic acids on the Nα-protected-Glu. In this case, a linker between Glu and cRGD peptide is not always necessary because the Lys side chain acts as the linker.



Cysteine can serve as an intrinsically trifunctional hub molecule given the presence of the nucleophilic thiol group in the side chain. The reaction of the thiol group in Cys with maleimide is a highly selective reaction that has been widely employed in the construction of multifunctional molecules [94]. In addition, disulfide bonds have been widely used to develop reduction-responsive drug delivery systems (DDS) for cancer therapy because cancer cells simultaneously overproduce reactive oxygen species (ROS) and glutathione, leading to a redox-heterogeneous intracellular environment [95]. The protection of Cys is essential because the thiol group can undergo or participate in several side reactions (beyond oxidation), including the following: (1) epimerization; (2) reaction with carbocations; and (3) β-elimination [96]. Cys is highly prone to racemize during peptide couplings, the extent of which depends on the protecting groups and coupling methods [97]. When Cys is anchored to a hydroxyl resin (e.g., the Wang resin in SPPS), epimerization can occur during the repetitive base treatments to remove the α-amino 9-fluorenylmethoxycarbonyl (Fmoc) group [98]. Use of the 2-chlorotrityl resin can minimize this side reaction. The most used protecting groups for the Fmoc/tBu strategy are trityl (Trt) groups to obtain the free thiol [99]. Cys can react with highly reactive carbocations during deprotection or cleavage of the peptide from the resin. In the case of deprotection of the tert-butyloxycarbonyl (Boc) and tBu groups, S-tert-butylated Cys has been observed. Concerning cleavage from the resin, a resin-bound carbocation generated during acidolysis can react with unprotected or protected Cys, leading to reattachment of the peptide to the resin [100].



β-Elimination can take place when the protected Cys is exposed to strong basic or acidic conditions, particularly when a peptide containing a C-terminal cysteine is synthesized by the Fmoc/tBu strategy [101]. Base-catalyzed β-elimination of protected Cys (6h) followed by addition of piperidine to the resulting dehydroalanine (6i) can occur during Fmoc deprotection to generate 3-(1-piperidinyl)alanine (6j) (Figure 12) [22]. The sterically hindered trityl protecting group can minimize β-elimination [102]. The aforementioned side reactions illustrate why incorporation of Cys is preferred in later stages of synthesis.



Serine and threonine each have a hydroxyl group in the side chain, and like cysteine, can serve as an intrinsically trifunctional hub molecule. However, they are rarely used as hub molecules because the hydroxyl group is less nucleophilic than that of an amine or thiol, leading to less selective reactions. Chief reactions with the hydroxyl group of Ser or Thr are as follows: (1) ester formation with an activated carboxylic acid, and (2) ether formation with an alkyl halide. The former has severe limitations owing to the electrophilicity of the required acyl halide or active ester [103] and the general limitations of sensitive groups that stem from the reagents required to prepare an acyl chloride, such as thionyl chloride, oxalyl chloride, or phosphorus chloride [104]. As an alternative to the side reactions of acid chlorides (hydrolysis and racemization under basic conditions through the ketene intermediate), acyl fluorides have been developed, which counterintuitively are less sensitive and can give diminished racemization and side reaction problems [105]. One of the most commonly used sets of conditions for the formation of an ester employs a carbodiimide and 4-(N,N-dimethylamino)pyridine (DMAP) [106]. In this reaction the corresponding urea byproduct is generated. In the case of activation by N,N′-dicyclohexylcarbodiimide (DCC), the insoluble N,N′-dicyclohexylurea (DCU) is formed. Analogues such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and the urea analogue are both water-soluble, providing advantages for coupling of biomolecules to multifunctional scaffolds. However, some side reaction such as acetyl transfer followed by formation of the unreactive N-acylurea are observed [107]. DMAP reacts faster than the competing acyl transfer and generates an active intermediate to avoid such side reactions [108].




7. Lysine Hubs (21)


Lysine has long been used as a nucleus for elaboration of amide-based architectures. The popularity stems from the availability of lysine in large quantities as well as the established protocols for amidation and functional group protection and deprotection. In this section, 21 distinct examples are reviewed.



An imaging agent (7a) for the bimodal features of PET and fluorescence imaging was developed (Figure 13) [109]. The agent is comprised of a single Lys as a hub and three functional components: (A) an NT-20.3 peptide agonist for targeting the neurotensin receptor 1, which is overexpressed in pancreatic adenocarcinomas and high-grade precancerous lesions; (B) the cyanine dye Cy5 as a fluorophore, and (C) the coordination complex [68Ga]-1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid as a PET imaging agent. This construct (7a) has composition ABC and architecture [3][1]3.



A lysine-based heterofunctional cross-linking reagent for bioconjugation of drugs (7b) was developed (Figure 13) [110]. The reagent is comprised of a single Lys as a hub and two functional components: (A) doxorubicin as an anticancer drug, and (B) 2-pyridyl disulfide for thiol-disulfide exchange. This construct (7b) has composition A2B and architecture [3][1]3.



A bivalent small molecule-drug conjugate (7c) directed against carbonic anhydrase IX (CAIX) was developed for the delivery of therapeutic agents into neoplastic masses (Figure 13) [111]. The conjugate is comprised of a single Lys as a hub and three functional components: (A) acetazolamide as a targeting agent for CAIX, which is expressed in many solid tumors; (B) a disulfide bond between Cys and the drug moiety, to be cleaved by glutathione, and (C) DM1 as a potent cytotoxic drug. This construct (7c) has composition A2BC and architecture [3][2][1]3.



A photolabile fluorescently quenched probe (7d) was developed to assess an organelle-targeted light-mediated release strategy for controlling biological activity (Figure 13) [112]. The probe is comprised of a single Lys as a hub and four functional components: (A) a nitrobenzyl derivative as a photo-cleavable linker; (B) an Ac-(Cha-d-Arg-Cha-Lys)2 tetrapeptide (Cha = cyclohexylalanine) as a targeting agent for cell permeable mitochondrial localization; (C) tetramethylrhodamine (TAMRA) as a fluorophore, and (D) the quencher dye QSY-7. This construct (7d) has composition A2BC and architecture [3][2][1]3. The probe (7d) is readily absorbed by mitochondria and subsequently can be cleaved in a light-dependent fashion, leading to subcellular mitochondrial imaging.



A FRET-based theranostic probe (7e) was developed (Figure 13) [113]. The probe is comprised of a single Lys as a hub and four functional components: (A) Arg8 as a cell penetrating peptide; (B) Black Hole Quencher-2 (BHQ-2); (C) the tetrapeptide GFLG, which is cleaved by cathepsin B, and (D) doxorubicin as a fluorophore and anticancer drug. This construct (7e) has composition ABCD and architecture [3][2][1]3. When the probe (which is non-fluorescent prior to cellular entry) is subjected to cellular uptake and cathepsin B cleavage, doxorubicin is released thus resulting in fluorescence while also acting as a therapeutic agent.



Peptidic multifunctional molecules are of growing interest for medicinal applications such as diagnosis, imaging, or therapeutics, in which case efficient and versatile strategies are desired for peptide modification. An element-tagged activity-based photo-cleavable biotinylated chemical “hub” (7f) was prepared for absolute targeted-protease quantification and identification using inductively coupled plasma mass spectrometry (ICP-MS) and electrospray ionization mass spectrometry (ESI-MS) (Figure 14) [114]. The chemical “hub” is comprised of a single azidoLys bearing four functional components: (A) Eu-loaded 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) to produce ICP-MS signals for protein quantification; (B) an o-nitrobenzyl ether carbamate linker as a photocleavable linker; (C) a biotin tag, and (D) sulfonyl fluoride as a labeling agent for the hydroxyl group of the serine residue at the active site of serine proteases. This construct (7f) has composition ABCD and architecture [3][2][1]3. Upon addition of the chemical “hub” to a complex biological sample, targeted serine proteases are tagged due to sulfonyl fluoride, and the tagged proteases can be quantified by ICP-MS. Beyond this quantification, the tagged proteases containing the biotin tag are selectively captured by streptavidin-coated beads, followed by release of the targeted proteases from the beads by photocleavage of the o-nitrobenzyl ether linker upon ultraviolet (UV) irradiation. The released targeted proteases can be identified by ESI-MS.



A quenched ligand-directed tosylate (Q-LDT) reagent (7g) was developed for preparing fluorescently labeled proteins (Figure 14) [115]. The reagent is comprised of a single Lys hub and four functional components: (A) a 4-dimethylaminophenylazobenzene-4-carboxylic acid (Dabcyl) as a quencher; (B) a tosylate linker for protein labeling; (C) 7-diethylaminocoumarin (DEAC) as a fluorophore, and (D) a benzenesulfonamide for targeting carbonic anhydrase II (CAII). This construct (7g) has composition ABCD and architecture [3][2][1]3. Upon binding of the benzenesulfonamide moiety to the CAII, the DEAC is covalently transferred to the CAII through an SN2-type reaction between a nucleophilic amino acid located on the CAII surface and the tosylate-substituted linker. The quencher-tethered benzenesulfonamide remains noncovalently bound to the ligand-binding pocket of the CAII, thereby still allowing efficient FRET quenching of the fluorescence. The fluorescence can then be efficiently turned-on in the presence of the specific analyte ethoxzolamide by expelling the quencher-tethered benzenesulfonamide from the binding pocket of the CAII.



A multifunctional fluorescent probe utilizing a new “On–On” strategy (7h) was developed on the basis of the assembly and disassembly of fluorescein isothiocyanate nanoparticles (FITC-NPs) (Figure 14) [116]. The objective for the probe was for sequential detection of glutathione and caspase-3. The probe is comprised of a single Lys hub and five functional components: (A) a DEVD peptide cleaved by caspase-3; (B) Cys as a cross-linking group with 2-cyanobenzothiazole (CBT); (C) the StBu group as a reduction-cleavable group; (D) CBT as a cross-linking group with Cys, and (E) FITC as a fluorophore. This construct (7h) has composition ABCDE and architecture [3][2]2[1]3. Upon cleavage of the StBu group by glutathione-mediated reduction, the resulting Cys and CBT in the probe were immediately cross-linked. The cross-linking gave rise to assembly into nanoparticles (NPs) in the cells accompanied by moderate fluorescent emission. Subsequent hydrolysis of the peptide substrates on the NPs by intracellular caspase-3 led to enhanced fluorescence.



A branched fluorescent probe (7i) was developed as a model linker for an antibody–drug conjugate (ADC), where the ADC bears multiple payload molecules (Figure 14) [117]. The probe for a FRET assay was comprised of a single Lys hub and three functional components: (A) a Val-Cit dipeptide cleaved by cathepsin B; (B) 2,4-dinitrophenylethylenediamine as a quencher, and (C) Trp as a fluorophore. This construct (7i) has composition A2B2C and architecture [3][2]2[1]3.



Oriana and coworkers designed a multifunctionalized MMP2 FRET probe (7j) built on a peptide scaffold (Figure 14) [118]. The FRET probe is comprised of a single Lys hub and four functional components: (A) a substrate peptide cleaved by MMP2; (B) a PEG tag; (C) a FRET donor, and (D) a FRET acceptor. This construct (7j) has composition ABCD and architecture [3][2][1]3. The PEG tag in the probe improves biocompatibility and increases the half-life in the systemic circulation. In addition, the PEG unit engenders enhanced permeation and retention (known as the EPR effect), which can lead to significant accumulation of PEGylated compound in inflammatory tissues [119]. MMP2 is a zinc-dependent protease with activity related to diseases such as atherosclerosis and cancer [120,121].



The synthesis of 7j is representative of the construction of compounds that rely on use of Lys as a hub, and is outlined here. As an overview, a single Lys as hub was attached at the N-terminus of the substrate peptide, which provided a branch point for attachment of the FRET donor (coumarin). A Cys was attached to the C-terminus of the substrate peptide for attachment of the FRET acceptor. The design enables use of SPPS to create the peptide bearing Lys and Cys at the respective termini. Classical thiol–maleimide Michael addition, coupling using an NHS ester, and α-ketoacid–hydroxylamine (KAHA) ligation were respectively employed for introducing three functional molecules (PEG tag, FRET donor, and FRET acceptor) into the resulting peptide. These steps are expanded upon as follows. KAHA ligation employs an ε-(N-hydroxylamino) Lys and a trifluoroacetyl oxazolone derivative, and in so doing, enables chemoselective and late-stage modification of unprotected peptides [118]. KAHA ligation is reliable and offers the following advantages for constructing peptidic multifunctional molecules: (1) proceeds under mild and aqueous conditions; (2) is applied with an unprotected peptide without formation of noticeable byproducts; and (3) proceeds without a coupling reagent [122,123]. In this study, the KAHA ligation was advantageously used for attaching the FRET donor to the N-terminal lysine of the peptide for the detection of MMP2 activity.



The Rink amide 4-methylbenzhydrylamine (MBHA) resin (7j-1) was used in standard Fmoc SPPS to carry out the synthesis. Prior to the coupling of the Cys residue (to be used for the Michael addition), an Ala residue was loaded onto the resin to prevent the side reaction and racemization derived from the C-terminal Cys residue [124,125]. The desired peptide intermediate (7j-2) bearing the N-terminal Fmoc-protected γ-aminobutyric acid (GABA) was prepared and then extended with the target N-terminal lysine to give fully protected peptide 7j-3 (Figure 15). The amidation process was carried out with O-(1H-6-chlorobenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) in the presence of N-methylmorpholine (NMM) in the solvent N,N-dimethylformamide (DMF). A key building block was lysine bearing Fmoc protection at the Nα-site and both Boc and OBz protection of the Nε amine. The structure is shown in the insert in Figure 15. The lysine building block enabled selective elaboration at the Nα terminus (attachment of the PEG group), and subsequent elaboration at the Lys Nε site following cleavage of the peptide from the resin. Thus, after attachment of the PEG tag at the N-terminus using the corresponding NHS ester to give resin-bound peptide 7j-4, all of the protecting groups (except the Nε OBz group) and the resin were simultaneously removed under acidic conditions to obtain the peptide 7j-5. In parallel, ε-Boc-protected lysine (H-Lys(Boc)-OH, 7j-6) was treated with trifluoroacetic anhydride (TFAA) to give trifluoroacetyl oxazolone derivative 7j-7, which upon cleavage with trifluoroacetic acid (TFA) gave the free ε-amino lysine; the latter was derivatized with the FRET donor 7-methoxycoumarinyl-4-acetic acid (MCA) to give 7j-8. MCA-bearing trifluoroacetyl oxazolone derivative 7j-8 was initially hydrolyzed under acidic conditions to provide the non-cyclic α-ketoacid in situ, and the peptide 7j-5 was then added to the α-ketoacid solution. The KAHA ligation proceeded in the presence of unprotected functional groups such as the guanidino group and even a free thiol in the reaction mixture containing the reducing agent tris(2-carboxyethyl)phosphine (TCEP) to generate 7j-9 in 15% yield. Finally, the FRET acceptor, dinitrophenylaniline, was incorporated onto the side chain of the Cys residue by Michael addition with DNP maleimide in the presence of dimethylsulfoxide (DMSO) at room temperature (rt) to obtain the FRET probe 7j.



The probe 7j was incubated in the presence of MMP2 in Tris buffer (pH 7.5) at 37 °C, and the corresponding hydrolyzate could then be observed at 200 min upon analysis by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS). Moreover, a significant increase in fluorescence emission derived from hydrolyzed 7j was observed after incubation of 7j with MMP2, while suppressed fluorescence emission was found in the presence of both MMP2 and its inhibitor. In this manner, MMP2 activity in vitro was successfully detected by using the fluorogenic probe 7j.



This study demonstrated that the KAHA ligation between an N-hydroxylamine Lys derivative and a trifluoroacetyl oxazolone derivative is suitable for constructing a multifunctional probe that contains Lys as a hub molecule. The ligation proceeded under mild and aqueous conditions in the presence of free functional groups. Accordingly, this strategy should be applicable for the synthesis of more elaborate probes such as those containing near infrared (NIR) dyes and proteins. In addition, this technique is potentially suitable for constructing multihub molecules.



An integrin α5β1-targeted probe (7k) for single-photon emission computed tomography (SPECT)/computed tomography (CT) imaging [126,127] was developed containing an albumin binder (Figure 16) [128]. The probe is comprised of two hubs (Lys and Glu) and three functional components: (A) the cyclic peptide cyclo[-d-Phg-isoAsp-Gly-Arg-d-Arg-] as a targeting agent for integrin α5β1, which displays high expression associated with glioma (where Phg is phenylglycine); (B) 4-(p-iodophenyl)butyric acid for conjugating with albumin to improve pharmacokinetics in blood, and (C) 99mTc-hydrazine-nicotinamide [tricine/trisodium triphenylphosphine-3,3′,3″-trisulfonate] as a SPECT/CT imaging agent. This construct (7k) has composition A2BC and architecture [3]2[1]4. The probe binds to serum proteins thereby affording prolonged residence time in the circulation and increased proclivity for tumor delivery.



A carboxyesterase (CES)-cleavable biotinylated NIR nanoprobe (7l) was developed for tumor dual-targeted imaging (Figure 16) [129]. The probe is comprised of two hubs (Lys and Ser) and six functional components: (A) biotin as a targeting agent for tumor cells that overexpress the biotin receptor; (B) a Cys for cross-linking with CBT; (C) the StBu group as a reduction-cleavable group; (D) CBT for cross-linking with Cys; (E) an ester bond between the Ser hub and the fluorophore to be cleaved by CES that is overexpressed in some tumor cells, and (F) the pentamethine cyanine dye Cy5.5 as a fluorophore. This construct (7l) has composition ABCDEF and architecture [3]2[2]2[1]4. Upon cleavage of the StBu group by glutathione-mediated reduction, the resulting Cys and CBT in the probe immediately cross-linked to yield biotinylated and fluorescence-quenched nanoparticles (NPs). The NPs target the biotin receptor-overexpressing tumor cells, and following translocation the fluorophore Cy5.5 is subsequently cleaved by intracellular CES, turning the NIR fluorescence signal “On”. The probe 7l has some functional similarity to 7h but the fluorophore is different, as is the molecular architecture.



A FRET-based theranostic probe (7m) was developed for simultaneous tumor targeting, PDT, and ratiometric imaging of the therapeutic effect (Figure 16) [130]. The probe is comprised of two hubs (both Lys) and five functional components: (A) the peptide Arg-Gly-Asp (RGD) as a targeting agent for the αvβ3 integrin, which is overexpressed in tumor cells; (B) the peptide DEVD, which is cleaved by caspase-3; (C) the quencher Dabcyl; (D) the fluorophore 5(6)-carboxyfluorescein; and (E) protoporphyrin IX (PpIX) as a photosensitizer and fluorophore (for use an internal fluorescence reference). This construct (7m) has composition ABCDE and architecture [3]2[2][1]4. The probe accumulated by RGD-mediated endocytosis in tumor cells where αvβ3 integrin was overexpressed. Upon light irradiation, ROS are generated via PpIX and activate apoptosis-related caspases, which cleave the DEVD peptide moiety in the probe. Thus, the turn-on of fluorescein fluorescence achieves ratiometric imaging of apoptosis.



A protein caging agent (7n) was developed that utilizes active-site recognition for propinquity labeling of a nonactive-site residue, thereby affording a light-activatable profluorescent protein (Figure 16) [131]. The agent is comprised of two hubs (Lys and Cys) and five functional components: (A) a 4-[4-(1-aminoethyl)-2-methoxy-5-nitrophenoxy] moiety as a photocleavable linker; (B) the peptide Ac-GRTGRRNAIHD (a protein kinase inhibitor, PKI) as a targeting agent for the active site of an adenosine monophosphate (AMP)-dependent protein kinase (PKA); (C) TAMRA as a fluorophore; (D) QSY-7 as a quencher, and (E) maleimide as a conjugatable group for the Cys residue. This construct (7n) has composition ABCDE and architecture [3]2[2][1]4. The agent inactivates the targeted enzyme PKA because the PKI peptide cages the Cys-199 at the base of the active site of PKA. The other proximate inactive site (Cys-343) of PKA is reacted with the maleimide to provide the photoactivatable profluorescent PKA. Photolysis of the photocleavable linker of the caging agent on covalently modified inactive PKA both restores enzymatic activity and simultaneously generates a fluorescent PKA (via release of the PKI on the active site and the appended quencher moiety).



A dual quenching probe (7o) was developed to detect intracellular furin activity with enhanced sensitivity (Figure 17) [132]. The probe was comprised of two hubs (both Lys) and six functional components: (A) a Cys for cross-linking with CBT; (B) an StBu as a reduction-cleavable group; (C) CBT for cross-linking with Cys; (D) a peptide substrate cleaved by furin; (E) the quencher Dabcyl, and (F) the fluorophore FITC. This construct (7o) has composition ABCDEF and architecture [3]2[2]2[1]4. Upon cleavage of the StBu group by glutathione-mediated reduction, the resulting Cys and CBT cross-link and self-assemble into dual quenched nanoparticles (NPs) in the cells. Subsequent hydrolysis of the peptide substrates on the NPs by the intracellular enzyme furin, which is a protease that is overexpressed in tumors, led to turning on the fluorescence with a high signal-to-noise ratio.



A paclitaxel/galactose-functionalized compound (7p) was developed to create fluorescent nanoparticles (NPs) for real-time imaging and cancer-cell targeting (Figure 17) [133]. The compound is comprised of two hubs (one Lys and one N,N-bis(carboxymethyl)-lysine) and three functional components: (A) galactose as a targeting agent for carbohydrate-binding proteins on the cell surface; (B) an Fmoc-protected amine as a conjugatable group, and (C) paclitaxel as an anticancer drug. This construct (7p) has composition A3BC and architecture [4][3][1]5.



A dendritic multivalent galactosyl carborane (7q) was developed as a potential cell-targeting agent in boron neutron capture therapy (BNCT) (Figure 17) [134]. The carborane derivative is comprised of double N,N-bis(carboxymethyl)lysines as hubs and two functional components: (A) galactose as a targeting agent for carbohydrate-binding proteins on cell surfaces, and (B) o-carborane for BNCT. This construct (7q) has composition A3B3 and architecture [4]2[1]6.



A cross-linkable molecular architecture (7r) was developed for possible in vivo immobilization and enzyme attachment in therapeutic applications (Figure 17) [135]. The molecular architecture is comprised of two hubs (two Lys) and four functional components: (A) indoxyl as a cross-linking agent; (B) glucose, to be cleaved by β-glucosidase thereby enabling enzymatically triggerable cross-linking; (C) the carbacephem antibiotic Loracarbef as a covalent labeling agent for a mutant β-lactamase, which as part of a fusion protein can bear another molecule (e.g., an enzyme) to elaborate the molecular function, and (D) maleimide for conjugation with a thiol group. This construct (7r) has composition A2B2CD and architecture [3]2[2]2[1]4. Upon cleavage of glucose by β-glucosidase, the resulting indoxyl moieties undergo spontaneous oxidative dimerization to form the corresponding indigoid product, which is insoluble and precipitates at or near the site of generation. This molecular scaffold, termed a “platform” or “nano-platform,” can be further functionalized via the maleimide and Loracarbef moieties.



The synthesis of 7r began with commercially available 5-benzyloxyindoxyl-3-carboxaldehyde (7r-1). Treatment with acetic anhydride afforded N-acetylation to give 7r-2, which upon Baeyer–Villiger oxidation (12-g scale) gave 7r-3. Glycosidation with acetobromo-α-d-glucose (7r-4) gave 7r-5 in 65% yield; hydrogenolysis removed the benzyl (Bn) group while leaving the N-acetyl group intact, affording a dihydroindole byproduct (7r-6) and the desired 7r-7 in 89% yield, albeit as an 8:1 mixture of β/α isomers (Figure 18).



Alkylation of 7r-7 (epimeric mixture) with benzyl α-bromoacetate (7r-8) enabled isolation of indoxyl-glycoside 7r-9 in stereoisomerically pure form (Figure 19). Subsequent hydrogenolysis to remove the benzyl group gave the indoxyl-glucoside bearing the free carboxylic acid (7r-10). DCC-mediated coupling of the latter with O-benzyl lysine (7r-11), which bears two free amines, gave the valuable, benzyl-protected bis(indoxyl-glucoside) 7r-12. Hydrogenolysis again liberated the free carboxylic acid, giving 7r-13.



DCC-mediated coupling of 7r-13 with α-Fmoc-O-benzyl lysine (7r-14) gave 7r-15, which upon removal of the Fmoc group with piperidine gave free amine 7r-16. Hydrogenolysis of the latter gave the amino acid 7r-17, and treatment with sodium methoxide caused global removal of the acetyl protecting groups from the glucoside (O-acetyl) and the indoxyl (N-acetyl) units to give 7r-18, containing the free amine and carboxylate groups (Figure 19).



Loracarbef provides an irreversible attachment motif (i.e., suicide linker) with a specially designed β-lactamase enzyme. Installation of the Loracarbef moiety required a protecting group for the Loracarbef 2-carboxylic acid group, taking into account the notoriously fickle nature of β-lactam chemistry. Thus, reaction of Loracarbef with Boc-anhydride gave the protected amine, which upon reaction with iodomethyl phenylacetate (7r-19) gave the doubly protected Loracarbef 7r-20 (Figure 20). Removal of the Boc group with TFA followed by an active ester of adipic acid (containing one NHS ester and one benzyl ester, 7r-21) afforded 7r-22, wherein Loracarbef bears an N-adipoyl tether. Hydrogenolysis of the benzyl group from the adipoyl tether followed by DCC-mediated coupling with NHS gave the active ester, 7r-23.



Bis(indoxyl-glucoside) 7r-18 was acidified to convert the carboxylate to the free acid, which upon reaction with Loracarbef derivative 7r-23 gave 7r-24. DCC-mediated activation of the latter with N-hydroxysuccinimide followed by reaction with N-(2-aminoethyl)maleimide gave the target compound 7r. Compound 7r (300 mg) contains two indoxyl-glucosides, a phenylacetoxymethyl-protected Loracarbef unit, and a maleimido unit for attachment to a biomolecule (Figure 20).



The synthesis of 7r required 17 steps beginning with commercially available reactants (Figure 20). The final structure contains 7 amide bonds: 6 as part of the peptide scaffold, and 1 as part of the Loracarbef structure. Loracarbef together with the mutant β-lactamase (not shown here) provides a new type of “click-chemistry”.



Fundamentally new strategies are needed to address cancer, particularly metastatic cancer, for metastasis is the source of the lethality of cancer. The cellular heterogeneity that underlies metastasis also stymies the efficacy of surgery, chemotherapy, and immunotherapy. Radiotherapy offers indiscriminate cell killing, which is attractive if targeted, but external beam radiotherapy causes too much collateral damage for use against metastases of unknown location. The ability to construct scaffolds in vivo may ultimately enable the localization of radiotherapeutic agents, affording a molecular brachytherapy [136], a theme which to date has been little explored.



A peptide-targeted Gd(III)-DOTA conjugate (7s) was developed for molecular imaging of prostate cancer (Figure 21) [137]. The conjugate is comprised of three hubs (all Lys) and two functional components: (A) Gd(III)-DOTA as a magnetic resonance imaging (MRI) agent, and (B) a cyclic CGLIIQKNEC peptide (CLT1) as a targeting agent for the clotted plasma proteins (fibrin–fibronectin complexes) that form in tumor stroma. Four Gd(III)-DOTA units are present. This construct (7s) has composition A4B and architecture [3]3[1]5.



A tris(carbohydrate) probe (7t) was developed for detecting cellular lectins (Figure 21) [138]. The probe is comprised of three hubs (two Lys, one Ser) and three functional components: (A) mannose as a targeting agent for the cell-surface lectins, (B) benzophenone (BP) as a PAL agent, and (C) the pentamethine cyanine dye Cy5 as a fluorophore. This construct (7t) has composition A3BC and architecture [3]3[1]5.



A driving force in the development of scaffolds has been the desire to display an array of carbohydrates in defined architectures for use in the life sciences. One approach creates dendrimers, but as outlined above, the desire to achieve greater specificity and functionality requires the modular synthetic amenability of scaffolds, which afford the capacity for irregular albeit rational derivatization. A chief rationale for creating arrays of carbohydrates is that interactions between carbohydrate ligands and carbohydrate-binding proteins play a key role in a broad range of biological and pathological processes. Such processes include fertilization, implantation, morphogenesis, development, differentiation, the immune response, cell migration, and cancer metastasis [139]. For example, such interactions initiate the first contact between pathogens (e.g., viruses and bacteria) and target cells during the infection process. While monovalent protein–glycan interactions show intrinsically weak affinity, multivalent and clustered glycans are displayed on the surface of the pathogens to enhance the binding affinity toward multimeric glycan-binding proteins on target cell surfaces such as lectin, which ultimately leads to infection [140]. This effect is termed “multivalency” or the “cluster-glycoside effect,” which is known to enhance overall ligand affinity and selectivity in lectin–carbohydrate interactions [141]. Hence, multivalent interactions have been a point of focus in the development of novel antimicrobial and antiviral interventions, and various heteroglycoclusters (hGCs), which imitate the heterogeneous expression of glycans at the cell surface, namely glycocalyx, have been synthesized [142,143]. Multivalent glyco(cyclo)peptides are currently used as ligands for carbohydrate-binding proteins due to the significant advantages mainly derived from cyclic peptide scaffolds as follows: (1) well-established synthetic procedures and extendability with regards to size and functionality; (2) imitability as native glycoprotein fragments; (3) conformational constraints and rigidity, and (4) non-immunogenicity and resistance against proteolytic degradation [144,145,146].



Toward these aims, a heteroglycocluster using a pentavalent cyclic decapeptide scaffold (7u) was created, which specifically is a fully synthetic multiantigenic vaccine candidate against tumors (Figure 21) [147]. The hGC in this study is comprised of a cyclic decapeptide scaffold containing five lysine hubs that respectively bear five distinct functional components: (A) a free amine group as a conjugatable group and (B–E) distinct carbohydrate motifs as targeting agents. This construct (7u) has composition ABCDE and architecture c-[3]5[1]5. The cyclic peptide scaffold displayed five functional groups (glyoxaldehyde, chloroacetyl, azide, alkene, and amine) by using five Lys residues, which allowed for bioorthogonal ligation of the five distinct functional units. The sophistication and elegance of the carbohydrate-appended cyclic decapeptide 7u is matched by the synthesis, which is described as follows.



Standard Fmoc SPPS using a super-acid sensitive resin (SASRIN) (7u-1) was employed to prepare a linear decapeptide (7u-2). The use of SASRIN affords facile cleavage under weak acidic conditions, thereby affording the protected peptide fragment 7u-3 (Figure 22). The decapeptide 7u-3 bears five Lys with orthogonal derivatization of the ε-amino group by use of cleavable protecting groups, the azide unit (which is carried through to the stage of carbohydrate attachment), and serine derivatization. The cleavable protecting groups include Boc, 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl (Dde), and allyloxycarbonyl (Alloc). Head-to-tail cyclization of 7u-3 using the condensing agent benzotriazol-1-yltripyrrolidinophosphonium hexafluorophosphate (PyBOP) in DMF containing diisopropylethylamine (i-Pr2EtN, DIEA) afforded 7u-4, which was treated with hydrazine to remove the Dde group, followed by chloroacetylation of the resulting free amine to afford 7u-5.



An acidic deprotection cocktail comprised of TFA, triisopropylsilane (TIS), and water was then used to remove the Boc group of the Lys residue and the tBu group of the Ser residue. The resulting free Ser was then oxidized by sodium periodate to give the pentavalent scaffold 7u-6. The mild oxidation of N-terminal free Ser and Thr residues by periodate is known for preparing the corresponding aldehyde (glyoxylyl group), which can then be used for bioconjugation via oxime and hydrazone ligation (Figure 22) [148,149]. Scaffold 7u-6 bears a terminal alkene, an azide, an aldehyde, a chloroacetamide, and a primary amine (isolated as the TFA salt).



Scaffold 7u-6 was elaborated by sequential derivatization. Because the glyoxaldehyde is the most sensitive of the five functional groups, scaffold 7u-6 was initially reacted with a hydroxylamine derivative by oxime ligation [150]. Thus, β-glucosyl hydroxylamine 7u-7 was conjugated to 7u-6 under acidic conditions to obtain 7u-8 in 87% yield (Figure 23). Considering the chemical stability of the remaining four functional groups on the scaffold, photo-induced thiol–ene coupling, Cu-catalyzed click chemistry, and thiol–chloroacetyl coupling were carried out in succession. The N-acetylglucosamine thiol 7u-9 was reacted with the alkene 7u-8 in the presence of 2,2-dimethoxy-2-phenylacetophenone (DMPA) as a photoinitiator under UV irradiation (365 nm) to afford 7u-10 in 67% yield. To avoid a side reaction between 9 and the chloroacetyl group of 7u-8, the reaction was carried out for 30 min. Next, α-GalNAc propargyl 7u-11 underwent click reaction with 7u-10 in the presence of CuSO4, sodium ascorbate, and tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) as a copper(I) stabilizing ligand in DMF and phosphate buffered saline (PBS) to obtain 7u-12 in 85% yield. Finally, α-Man thiol 7u-13 was reacted with the chloroacetyl group of 7u-12 in the presence of KI and DIEA to provide the heterofunctionalized glycosylated scaffold 7u in 84% yield. All compounds 7u-6, 7u-8, 7u-10, 7u-12, and 7u were handled as the TFA salt of the primary amine. The overall yield for the attachment of the carbohydrates was 42%.



Alternatively, sequential one-flask attachment of the carbohydrates was executed in the same order and under similar conditions with simple adjustments of both pH and solvent in the crude mixture. The reactivity and reaction efficiency were not dependent on the concentration used, and similar reaction times to the stepwise procedures were needed for complete conjugation via the sequential one-flask method. Final purification by reversed-phase high-performance liquid chromatography provided 7u in 47% overall yield, which showed that conjugation of the carbohydrate by a sequential one-flask process was somewhat preferable to the stepwise strategy.



This study demonstrated the utility of the pentavalent cyclic decapeptide scaffold for synthesizing a heterofunctionalized glycosylated architecture. The peptide scaffold 7u-6 was smoothly obtained by standard peptide synthesis methods, and four different carbohydrates could be conjugated to the cyclopeptide scaffold by sequential distinctive bioorthogonal ligations in a one-flask process with high efficiency. The hGC 7u may be useful for probing biologically significant multivalent protein–glycan interactions and exploring fully synthetic multi-antigenic synthetic vaccine candidates in a range of medical therapies [151]. In a display of expansive scope, a range of biologically relevant structures could be bound to the remaining conjugatable Lys side chain of 7u upon liberation of the amine from the TFA salt. The structures include biotin (7u-14), FITC (7u-15), poliovirus peptide fragment (7u-16), and a CpG oligodeoxynucleotide (7u-17) (Figure 24). In short, this synthetic strategy can be applied to the construction of various multifunctional molecules, affording modularity, versatility, and compatibility with not only biomolecules but also fluorescent dyes.




8. Other Amino Acid Hubs (17)


A fluorescence probe-labeled photoactivatable antiplasmodial naphthylisoquinoline (NIQ) derivative (8a) was developed for identifying possible molecular targets of NIQ within the malarial parasite Plasmodium falciparum (Figure 25) [152]. The derivative is comprised of a single Tyr hub and three functional components: (A) 5-(dimethylamino)naphthalene-1-sulfonyl (Dansyl) as a fluorophore; (B) BP as a PAL agent, and (C) dioncophylline A as a targeting agent for a protein in the malarial parasite. This construct (8a) has composition ABC and architecture [3][1]3.



A dual integrin and gastrin-releasing peptide receptor (GRPR)-binding heterodimeric peptide probe (8b) was developed for tumor imaging (Figure 25) [153]. The probe is comprised of one Glu hub and three functional components: (A) a bombesin peptide (BBN) as a targeting agent for GRPR, which is massively overexpressed in several human tumors; (B) the cyclic peptide cyclo(-Arg-Gly-Asp-d-Tyr-Lys-) as a targeting agent for integrin αvβ3, which is highly expressed on invasive tumors, and (C) a 4-18F-fluorobenzoate as a PET imaging agent. This construct (8b) has composition ABC and architecture [3][1]3.



A fluorophore-labeled cell-permeable peptide (8c) was developed that contains both lipophilic and positively charged side chains (Figure 25) [154]. The peptide is comprised of a single Ser as the hub and four functional components: (A) Lys3 provides a positively charged motif for cell permeation; (B) an ester bond to be cleaved by intracellular esterases and lipases; (C) a myristyl group as a hydrophobic tag for cell permeation and a lipid tag for lipase recognition, and (D) the fluorophore FITC. This construct (8c) has composition ABCD and architecture [3][2][1]3. The peptide displayed cellular uptake owing to the Lys3 tag and myristyl group, and the myristyl moiety was readily released on cellular internalization.



A small molecule probe (8d) was developed for tumor imaging (Figure 25) [155]. The probe is comprised of a single Glu hub and two functional components: (A) the cyclic peptide cyclo(-Arg-Gly-Asp-d-Phe-Lys-) as a targeting agent for integrin αvβ3, which is highly expressed on many tumor cells, new vessels, and tumor stromal cells, and (B) 64Cu-pyropheophorbide a as a PET imaging agent. This construct (8d) has composition A2B and architecture [3][1]3.



A trifunctional probe (8e) was developed that bears a carbene-generating photoaffinity probe, a biotin tag, and the antibiotic moenomycin A (Figure 25) [156]. The probe is comprised of single isoSer hub and three functional components: (A) aryl(trifluoromethyl)diazirine as the PAL agent; (B) biotin, and (C) moenomycin A as a targeting agent for the penicillin-binding protein 1b on bacterial cells. This construct (8e) has composition ABC and architecture [3][1]3.



An Asn-Gly-Arg (NGR)-based imaging probe (8f) was developed for noninvasive visualization of angiogenesis (Figure 26) [157]. The probe is comprised of single Cys hub and three functional components: (A) the cyclic peptide CNGRC as a targeting agent for aminopeptidase N (CD13), which is selectively expressed in angiogenic blood vessels; (B) biotin for immobilizing the probe on a carrier such as a nanoparticle (NP) via the avidin–biotin binding system, and (C) Gd(III)-diethylenetriamine pentaacetic acid as an MRI agent. This construct (8f) has composition ABC and architecture [3][1]3.



The challenge of exercising multimodal imaging has been a significant driving force for the development of scaffold molecules. The individual modalities include absorption/fluorescence, photoacoustics, positron emission, magnetic resonance, and beta or gamma emission, to name a few. For example, dual-modality optical/PET imaging probes that target a specific biomarker are considered as powerful tools for disease diagnosis and monitoring, and can enable improved therapy [11,158]. PET imaging allows for sensitive in vivo imaging without penetration limitations. On the other hand, optical imaging enables correlated fluorescent analysis such as fluorescent staining, immunohistochemical staining, and flow cytometry. Compared with the respective use of monomodality optical probes and PET probes, dual-modality optical/PET imaging probes intrinsically provide a better correlation between fluorescence and PET imaging experiments when the biological effect caused by the structural difference between mono-modality optical probes and the corresponding PET probes is not negligible [159]. On the other hand, multimodal imaging may well reside predominantly in the research domain, because clinical imaging, at least with the present single-modality instruments, would require use of multiple examinations of the patient, which is burdensome and expensive. While the latter considerations are very real at present, advances in instrumentation will require companion advances in the sophistication of the probes.



A dual-labeled cRGD peptide probe (8g) was developed for PET and optical imaging (Figure 26) [160]. The probe is comprised of a single Cys hub and three functional components: (A) cyclo(-Arg-Gly-Asp-d-Tyr-Lys-) as a targeting agent for integrin αvβ3 (which is expressed in a number of tumor types); (B) ZW800-1 as a fluorophore, and (C) 64Cu-DOTA as a PET imaging agent. This construct (8g) has composition ABC and architecture [3][1]3.



Dual-modality optical/PET imaging probes built around small peptides possess some desirable properties: (1) fast body clearance to reduce radio dose exposure time, and (2) easy-to-perform quality control to minimize batch-to-batch differences. However, the preparation often requires complicated multistep synthesis, use of orthogonal protecting groups, and chemoselective/bioorthogonal reactions, which restricts use in both research and clinical studies. A dual optical/PET peptide probe (8h) was developed for application to diagnosis and image-guided surgery (Figure 26) [161]. The probe is comprised of a single Cys hub and four functional components: (A) the cyclic peptide cyclo(-Arg-Gly-Asp-d-Phe-Lys-) as a tumor targeting peptide; (B) a 1,4-diazepine scaffold (AAZTA, 1,4-bis(carboxymethyl)-6-[bis(carboxymethyl)]amino-6-methylperhydro-1,4-diazepine) as a PET imaging reporter, and (C) the pentamethine cyanine dye Cy5.5 for optical imaging. This construct (8h) has composition ABC and architecture [3][1]3. The Cys-cyclo(-Arg-Gly-Asp-d-Phe-Lys-) unit was synthesized by SPPS and then conjugated to an AAZTA thioester by native chemical ligation, followed by Michael addition of a Cy5.5-maleimide to the remaining free thiol.



The process of native chemical ligation (NCL) [162,163], which entails reaction between a thioester moiety and N-terminal cysteine peptide to yield an amide, is well-established and enables the synthesis of long peptides and proteins. The approach also enables chemical labeling of N-terminal cysteine residues in peptides (Figure 27). The advantages of NCL are as follows: (1) the joining reaction proceeds at physiological pH under mild and aqueous conditions without any additives; (2) no additional protecting groups are required for any natural amino acids in the peptide chain, and (3) internal cysteine residues do not interfere with the reaction [164].



The cyclic RGD peptide unit of 8h was prepared by an on-resin cyclization technique. Thus, Wang ChemMatrix resin (8h-1) was initially attached onto the side chain of Boc-Asp-All (8h-2) (Figure 27), where All indicates the allyl group. Standard Fmoc SPPS was performed to obtain a fully protected linear RGD peptide (8h-3), whereupon the N-terminal Fmoc and C-terminal All groups were selectively deprotected. The coupling chemistry was carried out using N,N-diisopropylcarbodiimide (DIC) or O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU). After coupling, any unreacted amines can be capped by treatment with acetic anhydride in N-methyl-2-pyrrolidine (NMP) in the presence of DIEA, then the Fmoc group is removed upon treatment with piperidine to begin a new cycle. The N-and C-terminal free peptide (8h-4) was cyclized on-resin through the use of PyBOP as a coupling reagent and DIEA in DMF at room temperature to yield the fully protected cyclic RGD peptide (8h-5). After selective deprotection of the 4-methyltrityl (Mtt) group on the side chain of Lys, the hub molecule Boc-Cys(Trt)-OH was linked to the site to give peptide 8h-6. Cleavage from the resin and global deprotection under acidic conditions gave the N-terminal cysteine peptide 8h-7 in 10% overall yield. Peptide 8h-7 constitutes one component for use in NCL.



Next, AAZTA precursor 8h-8 was activated as a thioester with sodium 2-mercaptoethanesulfonate (8h-9) and subsequent global deprotection in 38% yield to give AAZTA thioester 8h-10 (Figure 27). The thioester 8h-10 and N-terminal cysteine peptide 7 were conjugated by NCL to provide 8h-11 in 32% yield. The ligation was carried out in 0.2 M phosphate buffer (pH 7.4) including 5 M imidazole, 3 M guanidinium chloride, and 2 mM TCEP for 30 min at room temperature. Guanidinium chloride improves the solubility of the starting materials, and imidazole was used instead of a thiol (e.g., 4-mercaptophenylacetic acid) as a catalyst. The reducing agent TCEP inhibited formation of disulfide bonds, which can hinder the reaction. The optical reporter, Cy5.5-maleimide, was conjugated via Michael addition to the side chain of Cys in 8h-11, followed by treatment of 8h-12 with GaCl3 to obtain the optical/PET probe 8h.



Human glioblastoma U-87 MG cells, which overexpress αvβ3 integrin (that in turn can bind to the cyclic RGD peptide), were incubated in a medium containing different concentrations of the probe 8h-12 for 30 min at 0 °C. Flow cytometry experiments demonstrated that the probe 8h-12 bound, in a dose-dependent fashion, to the U-87 MG cells via the integrin receptor. This study demonstrated that NCL is a potent strategy for constructing a peptide-based dual-modal probe containing a fluorophore and a chelator. In an in vivo cell assay, the dual modality peptide probe 8h-12 showed affinity for the targeting molecule. The probe could be labeled with 68Ga. As such, the 68Ga-labelled probe 8h is a candidate for optical/PET imaging in diagnostic procedures and perhaps in image-guided surgery [165].



A cross-linking reagent with an isotope tag (8i) was developed for exploring protein interactions (Figure 28) [166]. The reagent is comprised of a single 2,3-diaminopropionic acid hub and four functional components: (A) BP as a PAL agent; (B) a deuterium-containing linker for protein identification via mass spectrometry; (C) a biotin tag, and (D) an ester of sulfo-N-hydroxysuccinimide (sulfo-NHS) for conjugation of a targeting molecule. This construct (8i) has composition ABCD and architecture [3][2][1]3.



A cleavable doxorubicin–octreotide macrocycle (8j) was developed for targeting overexpressed somatostatin receptors on tumor cells (Figure 28) [167]. The macrocycle is comprised of a single Glu hub and three functional components: (A) two disulfide linkers to be cleaved by intracellular glutathione; (B) doxorubicin as an anticancer drug, and (C) the peptide octreotide as a targeting agent for somatostatin receptor subtypes 2 and 5, which are highly expressed on various tumor cells and primary tumor tissues. This construct (8j) has composition A2BC and architecture [3][2]3[1]. The cyclic architecture is achieved by attachment of two aminoethylmercaptan units to the lysine hub. The octreotide bears two cysteines. Double disulfide bond formation between the dithiol-substituted lysine and the octreotide-bis(cysteine) gave the macrocycle.



A construct that contains two distinct enzymatically activated prodrugs (8k) was developed wherein the two prodrugs are anticancer agents (Figure 28) [168]. The construct is comprised of a single Glu hub and five functional components: (A) a Phe-Lys dipeptide to be cleaved by cathepsin B; (B) a p-aminobenzyloxycarbonyl spacer as a self-immolative linker; (C) paclitaxel as one anticancer drug; (D) a maleimide for conjugation to Cys or other thiol, and (E) doxorubicin as a second anticancer drug. This construct (8k) has composition A2B2CDE and architecture [3][2]4[1]3.



An optical imaging probe (8l) was developed that uses a chemically reactive azacyanine dye and is targeted for the integrin αvβ3 receptor (Figure 29) [169]. The probe is comprised of two Glu hubs and two types of functional components: (A) four copies of the cyclic peptide cyclo(-Arg-Gly-Asp-d-Phe-Lys-) as a targeting agent for integrin αvβ3, and (B) an azacyanine dye as a fluorophore. This construct (8l) has composition A4B and architecture [3]2[2][1]4.



A boron probe for total and specific molecular imaging probe (8m) was developed that relies on non-optical nanoscale secondary ion mass spectrometry (nanoSIMS [170]) (Figure 29) [171]. The probe is comprised of two hubs (Lys and Cys) and three functional components: (A) an o-carborane unit, which exhibits a strong signal in nanoSIMS; (B) Star635 as a fluorophore, and (C) a maleimide for conjugation with a Cys residue. This construct (8m) has composition A2BC and architecture [3]2[1]4. The carborane probe is initially coupled with an ectopic cysteine of a nanobody through a standard thiol–maleimide reaction. The probe-nanobody conjugate is then bound to target proteins on the cells via their epitopes to achieve cellular immunostaining, followed by nanoSIMS imaging of specific target proteins.



A photoaffinity multivalent glycoprobe (8n) was developed for the covalent capture of labile protein complexes via carbohydrate-mediated interactions (Figure 30) [172]. The glycoprobe contains two hubs, a single Glu and a 4-arm carbon unit, and three functional components: (A) galactose as a targeting agent for affinity binding to a lectin; (B) (trifluoromethyl)phenyldiazirine as a PAL agent, and (C) 3-fluorocyclooctyne as a conjugatable group for late-stage functionalization by strain-promoted [3 + 2]-azide–alkyne cycloaddition [173] (SPAAC). This construct (8n) has composition A3BC and architecture [4][3][1]5.



An amphiphilic biotin conjugate (8o) was developed for use in a targeted, triggered liposomal delivery system (Figure 30) [174]. The conjugate is comprised of two hubs, a single Ser and a three-arm carbon unit, and five functional components: (A) an octadecyl group; (B) a dansyl fluorophore; (C) a biotin tag; (D) a disulfide linker as a reduction-cleavable group, and (E) a quaternary ammonium salt as a water-solubilizing linker. This construct (8o) has composition A2BCDE and architecture [3]2[2]2[1]4.



A NIR fluorescent probe bearing tetrameric RGD peptides (8p) was developed for optical tumor imaging (Figure 31) [175]. The probe is comprised of three Glu hubs and two functional components: (A) the cyclic peptide cyclo(-Arg-Gly-Asp-d-Tyr-Lys-) as a targeting agent for integrin αvβ3, which is significantly up-regulated in activated endothelial cells and fast-growing solid tumor cells, and (B) the pentamethine cyanine dye Cy5.5 as a fluorophore. This construct (8p) has composition A4B and architecture [3]3[1]5.



A fully synthetic, pentavalent carbohydrate-based system (8q) was developed as an antitumor vaccine (Figure 31) [176]. The vaccine contains four 6-hydroxy norleucine (Nle(6-OH)) hubs and six functional components, of which five are antigens: (A) a Tn antigen; (B) a TF antigen; (C) a sialosyl-Tn antigen; (D) the Lewisy antigen, and (E) the Globo-H antigen, each of which is overexpressed on prostate and breast cancer cell surfaces. The sixth functional component, (F), is keyhole limpet hemocyanin [8] as an immunogenic carrier protein. This construct (8q) has composition ABCDEF and architecture [3]4[1]6.




9. Triazine Hubs (16)


The heterocycle 1,3,5-triazine has been widely used as a versatile scaffold for synthetic reagents, organic materials, bioactive compounds, and complex molecular architectures [177,178,179]. The popularity stems because the common synthetic precursor of these triazine compounds, 2,4,6-trichloro-1,3,5-triazine (cyanuric chloride, Figure 32A) [180], is inexpensive and capable of selective derivatization. The three chlorine atoms in cyanuric chloride can be substituted stepwise by O-, N-, S- and C-nucleophiles to afford a variety of 2,4,6-trisubstituted triazines. The triazine core provides a compact platform for assembly of three functional units. The stepwise substitution of cyanuric chloride is chiefly controlled by electronic effects independently of steric effects.



The reactivity of chloro-, alkoxy-, and amino-substituted triazines has been reported to be similar to that of acyl halides, esters, and amides, respectively [181]. On the other hand, to interpret reactivity, a trialkoxytriazine can be regarded as a formal trimer of the corresponding alkyl imidate [182]. In an extension of this analogy, cyanuric chloride can be considered as an electronically interactive trimer of carbonyl chlorides (Figure 32B). Substitution of the chlorine atom at one of the “carbonyl” groups causes electronic perturbation to affect (typically decrease) the reactivity of the others (Figure 32C). This progressive deactivation enables the stepwise substitution of the chlorines, which would not be expected among three isolated and identical carbonyl chlorides. Substitution of one chlorine generally does not sterically impede the reactivity of the others due to the 120° orientation angle; in other words, substituents at the “carbonyl” groups are spatially separated from each other. Thus, the steric demand of the first, the second, and the third chlorine substitution reactions at the triazine ring is nearly constant.



The substitution of cyanuric chloride, regardless of the nature of the nucleophile, results in displacement of chloride. For neutral nucleophiles, displacement liberates HCl. Accordingly, the nucleophilic displacement is typically carried out in the presence of a base. Over the years, a number of bases have been employed, of which the following organic amine bases are common: 1,10-phenanthroline, 2,6-lutidine, 2,4,6-collidine, triethylamine, pempidine (1,2,2,6,6-pentamethylpiperidine), and N,N-diisopropylethylamine. The base strengths range > 106-fold on the basis of the pKa value of the conjugate acid in water (vide infra). The roles and tactical implementation of the bases are described below.



A further distinctive feature of triazine chemistry resides in the nature of the nucleophiles. Bulky nucleophiles often react with chlorotriazines rather easily, unlike the typical profiles of nucleophiles in the nucleophilic aromatic substitution of benzene derivatives such as halonitrobenzenes. A plausible explanation for this is the absence of hydrogen atoms ortho to the reaction site that cause steric hindrance. For example, tertiary amines such as NMM and Et3N readily react with sufficiently reactive chlorotriazines to form the corresponding N-triazinylammonium salts, which undergo further substitution at the triazine or decomposition to (N,N-dialkylamino)triazines by N-dealkylation [183,184]. The role of tertiary amines as a nucleophilic catalyst for triazine substitution has been studied in the development of triazine-based condensing reagents [185].



In 1948, Moffatt and coworkers reported temperature-controlled, sequential substitution of cyanuric chlorides using alcohols, anilines, and amines as nucleophiles [186]. A general rule for the cyanuric chloride substitution (now known as Moffatt′s rule) was proffered: “In general, the first chlorine atom is replaced at 0 °C, the second at room temperature, and the third at 120–140 °C.” Although this statement highlights the tendency of cyanuric chloride substitution, the actual reaction rates depend on the reaction conditions, nucleophiles, and the substituents on the triazine. Thus, Moffat’s rule should be regarded as more of a heuristic than an irrefragable truism.



Kinetic experiments were performed to study substitution effects of chlorotriazines (Table 1) [187,188]. The reaction rate of chlorine substitution decreased upon introduction of substituents with low σm values. For example, 9a-1-Cl (Entry 1, Reaction A) reacted with benzylamine 150 or 17,000 times faster than 9a-1-OMe (Entry 4) or 9a-1-NMe2 (Entry 8) to afford 9a-2-OMe or 9a-2-NMe2, respectively. Similar results were observed in the reaction of chlorotriazine 9a-3-X with NaOMe to form 9a-4-X.



The reaction rate of 9a-3-Cl (Entry 1, Reaction B) was 190 or 75,000 times higher than that of 9a-3-OMe (Entry 4) or 9a-3-NMe2 (Entry 8), respectively. Owing to such stabilization effects, the chlorine atoms of cyanuric chloride and dichlorotriazines can be substituted stepwise with alcohols, phenols, amines, anilines, thiols, and carbon nucleophiles.



Amines and anilines are popular nucleophiles for cyanuric chloride. Melamine (triaminotriazine) and its derivatives have long been known as an important class of triazine compounds. Stepwise substitution of cyanuric chloride with naphthylamine [190] and ammonia and methylamine [191] was reported in the late 1800s. In the more recent era, Simanek and coworkers investigated the relative reactivity of a series of amines toward chloro(dimorpholino)triazine (Figure 33A) [192,193]. A cyclic secondary amine reacted considerably faster than primary amines. Reactivity of p-toluidine toward anilino(dichloro)triazine was 80 times lower than that of benzylamine [194]. Triazine-based dendrimers were synthesized efficiently using protection-free diamine linkers such as p-aminobenzylamine and 4-(aminomethyl)piperidine, the amino groups of which selectively react with chlorotriazine [195].



The question arises as to how to exercise orthogonal chemoselectivity with cyanuric chloride given a set of nucleophiles that differ in chemical composition—i.e., alcohols, phenols, thiols, and amines? Albericio and coworkers investigated the selective and stepwise substitution of cyanuric chloride using a set of nucleophiles including alcohols, phenol, thiols, and amines under mildly basic reaction conditions (i-Pr2EtN, CH2Cl2 or tetrahydrofuran (THF), −20 °C to 75 °C) [196,197,198]. Typically, the substitution of an alcohol (the weakest nucleophile) was carried out toward the highly electrophilic cyanuric chloride at the first step. Phenol and a thiol as well as an alcohol were required to be introduced to the triazine core before the amine substitution. These nucleophiles did not react with amino-substituted chlorotriazines because an amino group incorporated in the triazine ring strongly diminishes the electrophilicity (Table 1, Entry 8). Nevertheless, given the high nucleophilicity, an amine was able to react with such deactivated amino-substituted chlorotriazines. The high nucleophilicity of an amine toward chlorotriazines was demonstrated in competitive experiments (Figure 33B): treatment of chlorotriazine 9a-5 with an equimolar mixture of isopentyl alcohol, phenol, isopentyl mercaptan and isopentyl amine afforded only the corresponding amine-substituted product 9a-6 regardless of substituent X on the triazine [199]. In short, for reaction with cyanuric chloride, a substrate bearing a phenol and an alcohol reacts selectively at the phenol; a substrate with a phenol and an aromatic amine reacts selectively at the amine. The inherent distinctions in nucleophilicity enables some such substitution processes to be carried out sans protecting groups [200].



A distinct feature of amino-substituted triazines is hindered rotation of the exocyclic C−N single bond. The exocyclic carbon–nitrogen bond has partial double-bond character because of the conjugation of the lone pair on the sp2-hybridized amino nitrogen with the electron-deficient triazine ring. Unsymmetrically substituted triazine compounds (R1 ≠ R2, X1 ≠ X2) exist as a pair of rotamers (Ia and Ib, Figure 34A). Because of the rotamerism, decoalescence and broadening of NMR signals can occur depending on the nature of the substituents of the triazine and the temperature for the NMR measurement. Since one unsymmetrically substituted amino group can afford two triazine rotamers, in total eight rotamers are theoretically possible for an unsymmetric triaminotriazine [201]. The rotation barrier of the hindered exocyclic C−N bond in triaminotriazines was ~64 kJ/mol (coalescence temperature of ~32−42 °C), which is similar to the barrier toward C–N bond rotation in amides [202]. Chloro- or alkoxy-substituted diaminotriazines exhibit a higher barrier (>72 kJ/mol) to rotation around the C−N bond [203]. Thus, more obvious decoalescence of NMR signals is generally observed in these cases at room temperature versus that of triaminotriazines.



Several specific cases are germane here [200]:




	
For a triazine that bears two identical substituents (X) and an alkylamino group (II), rotamers are not possible by symmetry (Figure 34B). Nonetheless, distinguishable signals in the NMR spectrum are possible because the two X substituents experience non-equivalent environments with respect to the orientation of the substituents on the attached nitrogen atom.



	
For a triazine that bears two different substituents (X and Y) and one alkylamino group, a pair of rotamers (i.e., IIIa and IIIb) is possible (Figure 34C).



	
For a triazine compound that bears two nonidentical alkylamino groups, four rotamers (IVa–IVd) are possible (Figure 34D).



	
Possible tautomers IIa–c can in principle arise from Compound II (Figure 34E). Such tautomers are generally not detectable and ignored. Indeed, the tautomer equilibria between triazine and N-alkylimine species were excluded on the basis of different substituted triazines as reported in the literature. These types of equilibrium always shift towards triazine forms [201,204,205,206].








In all of the above cases, the presence of multiple peaks can complicate interpretation of the NMR spectra of aminotriazines, yet the underlying phenomenon is established and readily understandable.



On the basis of a vast amount of research over many decades, the following guidelines have emerged for the design and synthesis of the triazine hubs in multifunctional molecular architectures:




	
Introduction of at least one amino group on the triazine hub is recommended. The amino group stabilizes the triazine hub and prevents undesired further nucleophilic substitution such as hydrolytic decomposition.



	
The order of nucleophiles used toward cyanuric chloride should be as follows: alcohols first, phenols or thiols next, then anilines, and finally aliphatic amines.



	
Alcohols and amines are preferred nucleophiles for the triazine hub. Building blocks containing hydroxy and amino groups are synthetically and commercially abundant. In particular, useful bifunctionalized linkers such as PEG linkers [41] are readily available with terminal alcohol and amine groups. Furthermore, unlike phenol- and aniline-based nucleophiles, aliphatic alcohols and amines do not contain a hydrophobic phenyl ring, which may impart water-solubility problems in biological applications.



	
Cyanuric chloride (9a) undergoes successive substitution with an amine to give the monoamino (9a-7), diamino (9a-8), and triamino (9a-9) derivatives. A triaminotriazine (9a-9) is a representative triazine hub (Figure 35A, top). Each amino substitution reaction can be carried out in a straightforward manner by treating the chlorotriazine with the corresponding amine. However, base-labile functionalities could be damaged because the third amino substitution requires elevated temperature (typically >70 °C). If the first nucleophile is an alcohol, affording the monoalkoxy derivative (9a-10), the second substitution with an amine affords the monoalkoxy-monoamino derivative (9a-11), and a third substitution with an amine affords the monoalkoxy-diamino derivative (9a-12) (Figure 35A, middle). In this case, both the first alkoxy and second amino substitution occur at temperatures lower than room temperature. A general method for preparation of unsymmetric dialkoxychlorotriazines (9a-13) has not yet been established, precluding use of dialkoxy-aminotriazines (9a-14) as common hub designs (Figure 35A, bottom). Limited examples have adopted conditions at >100 °C for the second alkoxy substitution; the conditions entail 2,6-lutidine [207] or K2CO3/18-crown-6 [208] as a base, or solvolysis conditions in MeOH [209]. Note that primary alcohols are employed in Figure 35A. The alkoxy substitution with secondary alcohols proceeds slower than primary alcohols and thus was carried out under harsher heating conditions [210]. Tertiary alcohols generally require prior conversion to the corresponding metal alkoxide to react with cyanuric chloride [211].



	
Substitution reactions of the chlorotriazine are typically carried out in the presence of an amine base. The most common bases are listed below along with the pKa value of the conjugate acid in water:




	
1,10-phenanthroline (4.96) [212];



	
2,6-lutidine (6.77) [213];



	
2,4,6-collidine (7.48) [213];



	
triethylamine (10.74) [214];



	
pempidine (1,2,2,6,6-pentamethylpiperidine, 11.25) [214], and



	
N,N-diisopropylethylamine (11.44) [215].








The base strengths are solvent dependent; for example, the pKa value of 2,6-lutidine in H2O is 6.77 [213], whereas that in 50% EtOH-H2O is 5.77 [216]. Regardless, the trend shown here provides a general framework for selecting an appropriate base.



The chloro-triazine substitutions are typically done in the presence of a hindered amine base such as Et3N and i-Pr2EtN. Since these tertiary amines are sufficiently basic, deactivation of the amine nucleophile by protonation with HCl is prevented, given that such protonation otherwise would occur during the chlorotriazine substitution. In contrast, Et3N is not employed for the cyanuric chloride substitution with an alcohol to prepare alkoxydichlorotriazines, due to a side reaction forming (N,N-diethyl)aminotriazine byproducts [217,218]. Instead, i-Pr2EtN is commonly used as the base to promote this alkoxy substitution at 0 °C, although the same type of side reactions could compete [210,219]. Alternatively, weaker bases such as 2,4,6-collidine [210] and 1,10-phenanthroline [207] can be used over the temperature range of 0 °C to room temperature to strictly suppress the side reaction forming the aminotriazine byproducts or the undesired second alkoxy substitution. The aromatic heterocyclic 1,10-phenanthroline is also an effective base for double-alkoxy substitution of cyanuric chloride to synthesize symmetric dialkoxychlorotriazines [209], although severe heating conditions (reflux in xylene) were employed. Recently, we introduced use of pempidine to this reaction [220]. Owing to the bulkiness and high basicity of this tertiary amine, the double-alkoxy substitution of cyanuric chloride proceeded at lower temperature (60 °C) without forming the (N,N-dialkyl)aminotriazine byproducts. Structures and the pKa values (in H2O) of amine bases employed in the chlorotriazine substitution are shown in Figure 35B.



	
Rotamerism (vide supra) can present a nuisance for interpretation of NMR spectra, and the rotamers might potentially engender distinct features in biological systems. Rotamerism can be sidestepped through the use of cyclic amines. Thus, 4-substituted piperidinyl, 4-substituted piperazinyl, and 3-substituted azetidinyl groups are symmetric dialkylamino groups that do not give rise to triazine rotamers (Figure 35C). Such groups may serve as attractive linkers.








The use of triazine as a scaffold is exemplified in the following text. A bivalent antagonist (9b) for the nerve growth factor (NGF) receptor, TrkA, was developed (Figure 36) [221]. The antagonist is composed of a triazine hub and three functional units: (A) a monovalent TrkA agonist (a small molecule mimic of NGF), and (B) fluorescein. This construct (9b) has composition A2B and architecture [3][1]3.



A multifunctional chemical entity for the potential development of multimodal imaging agents (9c) was developed (Figure 36) [222]. The entity is composed of a triazine hub and three functional units: (A) two copies of a water-soluble sulfonated porphyrin for optical imaging, and (B) a DOTA-type ligand (DO3A) to chelate metal ions such as Gd3+ for use in MRI. This construct (9c) has composition A2B and architecture [3][1]3.



A compound targeting metal dysregulation and oxidative stress associated with Alzheimer’s disease (9d) was developed (Figure 36) [223]. The compound is composed of a triazine hub and three functional units: (A) two copies of cyclen for metal chelation, and (B) an antioxidant coumarin, which forms fluorescent hydroxycoumarins upon oxidation by ROS. This construct (9d) has composition A2B and architecture [3][1]2.



A fluorescent dimeric peptide ligand (9e) has been developed that targets 14-3-3σ, a protein regulating a wide range of signaling pathways (Figure 36) [224]. The peptide ligand is composed of a triazine hub and three functional units: (A) two copies of the peptide ligand (containing phosphoserine) for 14-3-3σ, and (B) fluorescein for detection. This construct (9e) has composition A2B and architecture [3][1]3.



A quinone-methide precursor for DNA alkylation (9f) has been developed (Figure 36) [225]. The pre-alkylator is composed of a triazine hub and three functional units: (A) two copies of cyclen to bind bivalent metals such as Zn2+, Ni2+, and Cd2+, and (B) a quinone-methide precursor containing a tert-butyldimethylsilyl (TBS) group, which can be deprotected by treatment with KF. This construct (9f) has composition A2B and architecture [3][1]3.



A triazine-based modular platform (9g) was developed for targeted PET imaging (Figure 36) [226]. The platform is composed of a triazine hub and three functional units: (A) two copies of a cyclo(RGDfK) peptide for targeting integrin αvβ3 receptors, and (B) DOTA for radiolabeling with 64Cu. This construct (9g) has composition A2B and architecture [3][1]3.



A trifunctional linker for “double-click” labeling (9h) has been developed (Figure 37) [227]. The linker is composed of a triazine hub and three functional units: (A) a terminal alkyne for Cu(I)-catalyzed azide–alkyne [3 + 2] cycloaddition (CuAAC, also referred to more casually as a copper-mediated click reaction or simply click chemistry) [228,229,230]; (B) tetrazine for Cu-free cycloaddition reaction with azides, and (C) an NHS ester as an amine-reactive group. This construct (9h) has composition ABC and architecture [3][1]3.



A β-lactam equipped bifunctional targeting module (9i) was developed for irreversible chemical programming of monoclonal aldolase antibody 38C2 (Figure 37) [231]. The module is composed of a triazine hub and three functional units: (A) an integrin inhibitor SCS-873 to target integrin; (B) luteinizing hormone releasing hormone (LHRH) containing a D-Lys6 modification to target a LHRH receptor, and (C) a β-lactam for covalent labeling of monoclonal antibody 38C2. This construct (9i) has composition ABC and architecture [3][1]3.



Toll-like receptor (TLR) agonists are used as adjuvants with antigens to control immune responses [232,233]. The covalent juxtaposition of three TLR agonists (9j) was constructed to serve as a novel vaccine adjuvant (Figure 37) [234]. The tri-agonist is composed of a triazine hub and three functional units: (A) a TLR4 agonist pyrimido[5,4-b]indole; (B) a TLR7 agonist loxoribine, and (C) a TLR9 agonist CpG-ODN1826. This construct (9j) has composition ABC and architecture [3][1]3.



A model system to mimic the photosynthetic antenna-–reaction center complex (9k) has been developed (Figure 37) [235]. The construct is composed of a triazine hub and three functional units: (A) a porphyrin as an energy-transfer acceptor and electron-transfer donor; (B) a BODIPY fluorescent dye as an energy-transfer donor, and (C) fullerene as an electron acceptor. The BODIPY dye serves as a light-harvesting antenna component whereas the porphyrin and fullerene serve as the reaction center. Note, however, that all three constituents are potent chromophores and hence provide light absorption. This construct (9k) has composition ABC and architecture [3][1]3.



A tumor-targeting theranostic drug conjugate (9l) was developed for SPECT imaging studies and therapy (Figure 38) [236]. The conjugate is composed of a triazine hub and four functional units: (A) a biotinyl group for tumor-targeting; (B) a disulfide-containing self-immolative linker; (C) the taxoid antitumor agent SB-T-1214, and (D) a dipyridyl-containing ligand for chelation of 99mTc. This construct (9l) has composition ABCD and architecture [3][2][1]3.



A tumor-targeting theranostic fluorescent probe (9m) was developed for internalization studies in vitro (Figure 38) [237]. The probe is composed of a triazine hub and four functional units: (A) biotin as a tumor-targeting agent; (B) a disulfide self-immolative linker for drug release; (C) the taxoid antitumor agent SB-T-1214, and (D) fluorescein for optical detection. This construct (9m) has composition ABCD and architecture [3][2][1]3.



A tumor-targeting dual-warhead conjugate (9n) was developed for a taxoid–camptothecin combination chemotherapy (Figure 38) [238]. The conjugate is composed of a triazine hub and five functional units: (A) two disulfide self-immolative linkers for release of both drugs; (B) biotin as a tumor-targeting agent, (C) the taxoid antitumor agent, SB-T-1214, and (D) the antitumor agent camptothecin. This construct (9n) has composition A2BCD and architecture [3][2]2[1]3.



A tetravalent platform (9o) was developed for theranostic applications (Figure 39) [239]. The target compound is composed of three triazine hubs (i.e., a generation-1 triazine dendron) and five functional units: (A) four copies of a thiol-reactive maleimide, and (B) DOTA as a nuclear medicine imaging agent. This construct (9o) has composition A4B and architecture [3]3[1]5.



One objective in molecular immunology has been to understand the response of TLR triagonists for both spatially organized and unorganized systems, where the three agonists are joined in a single molecular architecture or are more randomly available, respectively. A fluorescently labeled triagonist architecture (9p) was synthesized, built around two hubs (triazine and cysteine), to address this fundamental question. This construct (9p) has composition ABCD and architecture [3]2[1]4 (Figure 39) [240]. This compound is composed of three different TLR agonists: (A) a TLR4a (pyrimido-indole derivative); (B) a TLR1/2a (Pam3CSK4, Pam = palmitoyl), and (C) a TLR9a (oligodeoxynucleotide (ODN) 1826 CpG DNA containing a phosphorothioate backbone). The fourth component, (D), is a fluorescein molecule for detection and quantification.



The synthesis of 9p began with cyanuric chloride (9a). Standard temperature-controlled substitution of cyanuric chloride with three different amines in succession proceeded smoothly (72%, 99%, and 95% yield, respectively). Thus, reaction first with propargylamine afforded 9p-1, reaction next with a Boc-protected amine gave 9p-2, and final reaction with a piperidyl compound containing a protected maleimide (9p-3) gave the triaminotriazine 9p-4 (Figure 40). Removal of the Boc group and amidation with an Fmoc-protected amino-PEG12 linker (9p-5) gave 9p-6 in 81% yield. The amidation was carried out using O-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and 1-hydroxybenzotriazole (HOBt, available as the monohydrate) in DMF containing collidine. Attachment of the first agonist unit (A) was achieved by amidation to afford 9p-7 in 41% yield. Deprotection of the maleimide followed by conjugation with the cysteine residue of 9p-8 bearing the agonist units (B) (protected form) and (C), and cleavage from the solid support, provided 9p-9 albeit in 2% yield. The cleavage process was carried out using a cocktail of TFA (for acidolysis), phenol and thiophenol (to scavenge carbocations), and ethanedithiol (EDT, to create a reducing milieu). Finally, the fluorescein unit (D) was attached by CuAAC to afford the desired ABCD compound 9p in 10% yield. The target compound 9p was purified via sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and gel extraction, characterized by ESI-MS, and quantified by fluorescence spectroscopy. Four other TLR triagonists were synthesized in a similar manner.



The ABCD compound 9p elicited drastically higher TH1-inducing cytokines than that of the unlinked counterparts in vitro, suggesting that spatial organization of TLR agonists with antigens enhances the immune response. Although no significant improvement of protection compared to a commercial vaccine was observed in an in vivo experiment (a live Coxiella burnetii aerosol challenge model in C56BL/6 mice) [241], the spatially organized adjuvant platform based on a triazine hub provides a concise architecture for further evaluation. Given the objective to elucidate the effects of spatial organization, it warrants comment that the reaction of a thiol and maleimide generates a stereocenter. Here, the TLR triagonist is comprised of a mixture of diastereomers owing to the ostensibly simple thiol–maleimide reaction. It warrants mention that in some systems, the thiol–maleimide reaction has been noted to undergo reversal (i.e., retro-Michael reaction), liberating the thiol over time [242].



We explored the formation of molecular scaffolds upon enzymatic action under physiological conditions. Such scaffolds can be utilized for diverse applications in the life sciences. To this end, we synthesized a compound (9q) composed of two 4,6-dibromoindoxyls (Unit A) each protected as a β-glucoside (Unit B), a sulfobetaine to improve water-solubility (Unit C), an azide as a conjugatable group (Unit D), and a coumarin dye for quantification (Unit E), all of which were built around two triazine hubs. This construct has composition A2B2CDE molecule and architecture [3]2[2]2[1]4 (Figure 39) [200].



The Units A–E were rapidly assembled utilizing triazine chemistry (Figure 41). Alcohol 9q-1 bearing the A unit (indoxyl) with attached B (O-acetyl-protected glucosyl group) provided the nucleophile for substitution of two chlorine atoms of cyanuric chloride (9a) in the presence of the base pempidine, affording the bis(glucosyl-indoxyl) triazine (9q-2). Removal of the indole N-acetyl groups with base followed by treatment with amino alcohol 9q-3 (containing Unit C) gave (dialkoxyamino)triazine 9q-4 in 29% yield from cyanuric chloride. The aliphatic hydroxy group in 9q-4 was used to attach to the second triazine hub. The reaction between 9q-4 and cyanuric chloride in the presence of the weak base 1,10-phenanthroline provided an (alkoxydichloro)triazine intermediate, wherein the two chlorine atoms were sequentially substituted by primary amines 9q-5 and 9q-6 bearing the Units D and E, respectively. As a result, 9q-7 was obtained in 39% yield from 9q-4. Global deprotection of the glucosyl O-acetyl groups in 9q-7 afforded the desired A2B2CDE compound 9q in quantitative yield. A minor point bearing on characterization is that the second triazine hub formed rotamers due to the unsymmetrically substituted amino groups. In contrast, rotamers were not formed on the first triazine hub given its symmetrical substitution pattern [200].



The glucosyl units (B) were designed to be removed upon treatment with β-glucosidase, thereby liberating the deprotected indoxyl units (A). The latter readily dimerize to form the indigoid species in the presence of O2. Given that 9q bears two indoxyl glucoside moieties, the enzymatic action gives rise to covalent cross-linking and thus affords a polymerized molecular scaffold containing the bioconjugatable azide group (Unit D) under physiological conditions. The progress of the cross-linking could be monitored by absorption spectroscopy owing to a chromogenic readout of the indigo (~630 nm). The coumarin in the molecule (Unit E) enabled ratiometric analysis, which is potentially valuable for studies in cells or tissues [200].



The A2B2CDE compound 9q (50 μM) underwent oligomerization to form a blue precipitate (~1 μm in size) by treatment with β-glucosidase (200 nM) in buffer (containing 5% DMF), as expected; however, the yield analyzed by absorption spectrometry was low (3%) [200]. In future studies, refinement of the molecular structure—through larger PEG groups or introduction of charged groups—is needed to improve water solubility and the yield of oligomerization.




10. Benzene Hubs (11)


The central importance of benzene in organic chemistry and the accompanying chemistry for introducing substituents has naturally led to the use of benzene as a hub in the design and synthesis of scaffolds. In this section, 11 examples are presented. A benzene hub was employed in a tri-functional compound (10a) for the fluorescence monitoring of DNA/RNA delivery via non-viral gene vectors (Figure 42) [243]. The tri-functional compound is comprised of a single 1,3,5-trisubstituted benzene hub and two types of functional components: (A) two copies of the triazamacrocycle [12]ane-N3 for binding to nucleic acids, and (B) a 1,8-naphthalimide derivative as a (yellow-green) fluorophore and hydrophobic tail. This construct (10a) has composition A2B and architecture [3][1]3. The tri-functional compound bound to, and caused condensation of, DNA/RNA, supporting the design for fluorescence monitoring of non-viral gene vectors.



Antibody-drug conjugates (ADCs) are of growing interest for targeted therapies [244,245]. In some cases, the linker bearing the drug to the antibody is cleavable to release the drug at the target site. A non-cleavable scaffold bearing two covalently attached drugs (10b) was developed for attachment to an antibody (Figure 42) [246]. The scaffold is comprised of a single 1,3,5-trisubstituted benzene hub and two types of functional components: (A) two copies of a pyrrolobenzodiazepine antitumor drug, and (B) maleimide for conjugation to the Cys of an antibody. This construct (10b) has composition A2B and architecture [3][1]3.



The trilactone, benzotrifuranone (10c), has C3h-symmetry and on inspection has three identical lactones (Figure 43) [247,248]. The three lactones, however, can be aminolyzed selectively: the relative reaction rate for opening of the first, second, and third ring was found to be 390:7.1:1.0 [248]. Thus, despite the symmetric structure, benzotrifuranone can be regarded as an ABC molecule (N = 3) bearing three different conjugatable groups around a benzene hub. This construct (10c) has composition ABC and architecture [3][1]3.



The inherent symmetry of benzotrifuranone enabled straightforward synthesis in four steps (Figure 43). Bromomethylation of 1,3,5-trimethoxybenzene (10c-1) provided 10c-2 in 37% yield [249]. Cyanide substitution to form 10c-3 (67%) was followed by hydrolysis and demethylation to afford 10c-4 (46%) [250]. Lactonization of 10c-4 by heating in polyphosphoric acid afforded the target benzotrifuranone (10c) in 45% yield. Sequential addition of furfurylamine, allylamine, and propargylamine to a solution of 10c in DMF at low temperature provided 10c-5 in 85% yield [247]. The origins of the unexpectedly efficient sequential aminolysis features of benzotrifuranone were rationalized through a synergy of ring strain and inductive effects. Although this scaffold has not yet been widely utilized, benzotrifuranone is a potential complement to cyanuric chloride (vide supra), affording sequential derivatization in a hub with three ostensibly equivalent reaction sites.



A synthetic antibody mimic of infliximab (10d) was developed with a tris(tertiary amine)-cyclotriveratrylene (TACTV) scaffold (Figure 44) [251]. The mimic is comprised of a single TACTV hub and three functional components: (A–C) complementarity determining regions (CDRs) that mimic the peptide loop of the monoclonal antibody infliximab. The latter is a clinically used biologic for treatment of human tumor necrosis factor alpha (hTNFα)-mediated autoimmune diseases and directly binds to hTNFα [252]. This construct (10d) has composition ABC and architecture [3][1]3. The TACTV derivative originally contained a triethylsilyl (TES)-protected alkyne, a triisopropylsilyl (TIPS)-protected alkyne, and a free alkyne. The first loop mimic (A) was initially introduced onto the free alkyne of the TACTV derivative via Cu-catalyzed click chemistry. After removal of the TES protecting group, the next CDR-mimicking peptide loop (B) was incorporated. Finally, the TIPS protecting group was removed, followed by the introduction of the CDR loop mimic (C) to obtain the synthetic antibody.



A tripodal scaffold bearing three distinct peptides (10e) was prepared wherein the three peptides on the scaffold were constructed by SPPS (Figure 44) [253]. The compound is comprised of a single 1,3,5-trisubstituted benzene hub and bears three dipeptides: (A) Ac-Ile-Asp; (B) Ac-Met-Lys, and (C) Ac-His-Trp. This construct (10e) has composition ABC and architecture [3][1]3. The scaffold originally contained a terminal carboxylic acid, an Fmoc-protected amine, a TES-protected alkyne, and a free alkyne. The carboxylic acid was initially anchored on an amide resin, and the first model peptide was then elongated from the Fmoc-protected amine. The second model peptide then was elaborated from the free alkyne, and the remaining TES-protected alkyne was finally used for introducing the third model peptide, followed by removal of the resin to yield the model peptide compound. This strategy elegantly combines the powerful methods of SPPS with a trifunctional, non-peptidic scaffold. At present, one limitation is the requirement to prepare the 1,3,5-trisubstituted benzene bearing three distinct groups from the symmetric trimesic acid (1,3,5-tricarboxybenzene).



A fluorescence probe containing building block for protein labeling and protein immobilization (10f) was developed (Figure 44) [254]. The building block is comprised of a 1,3,5-trisubstituted benzene hub and three functional components: (A) azide for conjugation to a protein via Staudinger ligation; (B) a protected Cys for conjugation to a protein via NCL, and (C) the cyanine dye Cy5 as a fluorophore. This construct (10f) has composition ABC and architecture [3][1]3. After deprotection of the Cys moiety, the resulting building block is bound to a thioester-bearing target protein via NCL. The derivatized protein can then be reacted with a phosphane-modified surface via Staudinger ligation to achieve protein immobilization.



A luminescent peptide–oligonucleotide model conjugate (10g) was developed on the basis of a heterotrifunctional benzenic scaffold equipped for multiple bioconjugations (Figure 44) [255]. The model conjugate is comprised of a 1,3,5-trisubstituted benzene hub and three functional components: (A) a model bioactive dodecapeptide; (B) Eu(III)-bis(pyridinyl)pyrazine as a luminescent complex, and (C) a 16-mer oligonucleotide as a model bioactive DNA fragment. This construct (10g) has composition ABC and architecture [3][1]3. The underlying scaffold contains three different and orthogonally bioconjugatable groups (aminooxy, azido and thiol). The aminooxy group was initially reacted with the model peptide bearing an aldehyde by oxime ligation. The thiol group was then reacted with a thiol-reactive Eu(III)-bis(pyridinyl)pyrazine-based chelate, and the click reaction between the azido group and the model nucleotide bearing the alkyne group was carried out to yield the luminescent peptide–oligonucleotide model conjugate.



Yoshida et al. first reported a tri-functionalized biphenyl hub bearing three azides [256]. The hub contains an unhindered aromatic azide, a primary aliphatic azide group, and a doubly sterically hindered aromatic azide. The azides could be coupled to the corresponding cycloaddition motifs with high selectivity to introduce a HaloTag ligand as labeling agent (Unit A), a BODIPY derivative as fluorophore (Unit B), and a biotin tag (Unit C) in sequence. The resulting trifunctionalized product (10h) is shown in Figure 44 [256]. The compound is reported to have a triazole with 1,5-disubstitution rather than the typical 1,4-disubstitution. This construct (10h) has composition ABC and architecture [3]1[1]3.



The synthesis of 10h began with 2,6-diisopropylaniline (10h-1), which underwent iodination at the 4-position to give 10h-2 [257]. Treatment with sodium azide gave the azide 10h-3, which upon Suzuki coupling with (Bpin)2 gave the p-Bpin derivative 10h-4 [256]. In parallel, ethyl 3-iodobenzoate (10h-5) was converted to the 3-Bpin derivative via iridium-based catalysis in the presence of 4,4′-di-tert-butyl-2,2′-bipyridyl (DTBPY), followed by installation of the azido group at the 5-position to give 10h-6. Reduction of the ester with diisobutylaluminum hydride (DIBAL-H) followed by treatment with diphenylphosphoryl azide (DPPA) gave 1-azido-3-(azidomethyl)-5-iodobenzene (10h-7) [258]. Suzuki coupling of 10h-4 and 10h-7 gave the triazide-containing biphenyl hub 10h-8 in a straightforward manner as shown in Figure 45.



Three subunits for 1,2,3-triazole formation were then synthesized following the routes in Figure 46. The chloro-amine 10h-9 underwent amidation with the NHS ester of 4-ethynylbenzoic acid to give 10h-10. The azido-PEG-amine 10h-11 was reacted with acetyl ketene to give PEG-azide 10h-12. The Cu-catalyzed click reaction between ethyne 10h-10 and PEG-azide 10h-12 in the presence of tris[(1-benzyl-1H-1,2,3-triazole-4-yl)methyl]amine (TBTA) gave the β-ketoamide-type HaloTag ligand 10h-13. In parallel, 5-((+)-biotinamido)pentylamine 10h-14 was reacted with the NHS ester of 4-ethynylbenzoic acid to give 10h-15, which upon click chemistry with azido-PEG-amine 10h-11 again in the presence of TBTA gave amino-biotin 10h-16. Reaction of the latter with the 4-nitrophenyl carbonate of the strained dibenzocyclooctyne (5,6-didehydro-11,12-dihydrodibenzo[a,e]cyclooctene, DIBO) gave cyclooctyne derivative 10h-17. In addition, in parallel, p-iodobenzaldehyde (10h-18) and 3-ethyl-2,4-dimethylpyrrole (10h-19) were converted via a four-step protocol [259] to the corresponding BODIPY 10h-20, which upon Sonogashira coupling with trimethylsilylethyne gave 10h-21 [260]. Standard cleavage of the trimethylsilyl (TMS) group with tetrabutylammonium fluoride (TBAF) gave the ethynyl-substituted BODIPY 10h-22 [260].



With all segments ready, the tri-azide hub 10h-8 was treated with labeling unit precursor 10h-13 to give mono-triazole 10h-23, then with fluorophore unit precursor 10h-22 with the reagent Cp*Ru(PPh3)Cl2 (where Cp* is pentamethylcyclopentadienyl) to give di-triazole 10h-24 (wherein the triazole contains 1,5-disubstitution rather than the typical 1,4-disubstitution) and then with biotin tag precursor 10h-17 to give tri-triazole 10h (Figure 47). The three couplings are restricted in sequence and must be carried out on the basis of steric and electronic differentiation among the three azido groups to give the trifunctional construct 10h.



As a result of extended study of the selectivity of various triazole-forming reactions, Yoshida and coworkers recently reported a tetra-azido platform (10i-1) for consecutive assembly of four modules (Figure 48) [261]. In addition to the aforementioned three different types of azido groups, the authors took advantage of the distinct selectivity of the 1-adamantyl azido group as the fourth joint and also introduced a branched oligoglycerol moiety as a water-solubilizing group (Unit D). Thus, 10i-1 bears four alkyl and aryl azide moieties with different degrees of steric hindrance: phenyl azide, benzyl azide, 2,6-diisopropylphenyl azide, and 1-adamantyl azide. The four azides in this order selectively formed the corresponding 1,2,3-triazole under appropriate reaction conditions (Figure 48) [261]. First, the phenyl azide in 10i-1 reacted with dicarbonyl compound 10i-2 in the presence of K2CO3. Second, the benzyl azide underwent ruthenium-catalyzed azide-alkyne cycloaddition with terminal alkyne 10i-3, affording a triazole with 1,5-disubstitution rather than the typical 1,4-disubstitution (analogous to 10h and precursors). Third, the 2,6-diisopropylphenyl azide reacted with cyclooctyne 10i-4 by strain-promoted azide-alkyne cycloaddition (SPAAC). Last, the 1-adamantyl azide reacted with terminal alkyne 10i-5 by CuAAC. The product tetrakis(triazole) 10i is composed of two benzene hubs and four functional units: (A) a HaloTag as a labeling agent; (B) a BODIPY as a fluorescent dye; (C) a biotin tag, and (D) a branched oligoglycerol for water-solubilization. This construct (10i) has composition ABCD and architecture [3]2[1]4. The work demonstrated an efficient route to assemble motifs onto tri-/tetra-azido platforms by the selection of the correct cycloaddition counterparts and reaction sequence, which points to a bright future for branched molecular design and synthesis.



A probe for detection of the emerging cancer marker galectin-3 (10j) was developed (Figure 49) [262]. The probe is comprised of a 1,3,5-trisubstituted benzene hub and three functional components: (A) lactose as a targeting agent for galectin-3, which is correlated with cancer aggressiveness, metastasis, and apoptosis; (B) BP as a PAL agent, and (C) an alkyne as a conjugatable group to introduce the fluorescent reporter molecule via click chemistry after carrying out photoaffinity labeling of galectin-3. This construct (10j) has composition A2B2C and architecture [3][2]2[1]3.



An A2BC compound (10k) was developed for forming chemically self-assembled nanoring (CSAN) structures that are endocytosed into T-leukemia cells and then visualized (Figure 49) [263]. This A2BC molecule is built around two hubs, a 1,3,5-trisubstituted benzene and a tertiary amine bearing three primary amines. The functional units include two methotrexate (MTX) units, which undergo dimerization in support of self-assembly (A), a green fluorescent protein (GFP) as protein cargo and fluorophore (B), and an azido- TAMRA fluorophore for imaging (C). This construct (10k) has composition A2BC and architecture [3]2[1]4. This triorthogonal-protein-labeling construct was treated with a dihydrofolate reductase-anti-CD3 fusion protein for macromolecular protein self-assembly. The resulting anti-CD3 CSANs were endocytosed into T-leukemia cells and then visualized.



The synthesis of 10k proceeded as follows. The versatile starting material 3,5-dihydroxybenzaldehyde (10k-1) was converted in three steps via bis(triflation) to give 10k-2, statistical mono-ethynylation to give 10k-3, and treatment with base to remove the triflate and TMS protecting groups and form 10k-4, a triorthogonal 3-ethynyl-5-hydroxybenzaldehyde (Figure 50). In parallel, geraniol (10k-5) was protected as the 2-tetrahydropyranyl (THP) ether (10k-6) by reaction with 3,4-dihydro-2H-pyran (DHP) with catalysis by p-toluenesulfonic acid (PTSA), which upon hydroperoxide treatment gave allylic hydroxylation of the terminal methyl group (10k-7), and the latter upon Mitsunobo reaction gave the terminal bromide (10k-8) [264,265]. The nucleophilic phenol of 10k-4 was alkylated with THP-protected hydoxyalkenyl bromide 10k-8 to give 10k-9, which upon cleavage of the THP group with the mild acid pyridinium p-toluenesulfonate (PPTS) gave ethyne-containing hydroxyalkenylbenzaldehde 10k-10. Phosphorylation of 10k-10 gave 10k-11, the first hub, which also constitutes a substrate for protein farnesyl transferase (PFTase).



The second hub was prepared beginning with 1,2-bis(2-aminoethoxy)ethane (10k-12). Boc protection of one amine followed by dialkylation with 5-bromovaleronitrile gave the dinitrile 10k-13. Hydrogenation gave the mono-Boc-protected triamine 10k-14, which was acylated with the side chain of N-protected glutamic acid O-methyl ester to give 10k-15; removal of the N-protecting group by hydrogenolysis followed by diacylation with MTX (10k-16) gave 10k-17 [266]. Treatment of 10k-17 to Boc removal under acid, coupling with 5-azidopropionic acid in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), and saponification of the glutamic acid O-methyl ester gave the intermediate scaffold 10k-18 bearing two MTX groups and one azide (Figure 51).



Assembling the A2BC compound relied on coupling of Unit B, a GFP containing tetrapeptide sequence (10k-19, denoted as a CaaX box, CVIA in this case) at its C terminal, and the PFTase-ready substrate 10k-11 (Figure 52). The reaction was carried out in the presence of the water-soluble reducing agent 1,4-dithio-d-threitol (DTT). The reaction successfully incorporated both the aldehyde and alkyne groups to give the bifunctional (formyl, ethynyl) prenylated protein 10k-20. Co-incubation of 10k-20, aminooxy-TAMRA, and azido-bis(MTX) 10k-18 in the presence of m-phenylenediamine (mPDA) for 15 h gave the final target compound 10k. This work suggested that a protein bearing a C-terminal CaaX-box fusion is suitable for this strategy [263]. The triorthogonal reagent 10k-11 provides the protein with a hub for coupling with two orthogonal groups, which can be achieved in a one-flask procedure. In summary, this strategy expanded the property and function of the protein cargo by attachment with other functional groups for specific labeling.




11. Nitrogen Hubs (12)


The versatile properties of amines as nucleophiles has given rise to a rich variety of trialkylamine-containing scaffolds. In this section, a dozen such examples are presented. As a first example, a ratiometric time-resolved probe (11a) was prepared for bioanalytical applications (Figure 53) [267]. The probe is composed of a nitrogen hub and three functional units: (A) two copies of pyrene, which forms an excimer and serves as a FRET donor, and (B) fluorescein as a FRET acceptor. This construct (11a) has composition A2B and architecture [3][1]3. One attraction of the pyrene excimer is the long-lived excited state, which allows acquisition of the observed fluorescence in a time regime beyond the occurrence of cellular autofluorescence.



A PAL probe (11b) was prepared for derivatization of carbonic anhydrase IX (Figure 53) [14]. The probe is composed of a nitrogen hub and three functional units: (A) a terminal alkyne to conjugate a fluorescent dye after photoaffinity labeling; (B) phenyltrifluoromethyldiaziridine as a PAL agent, and (C) an arylsulfonamide as a targeting agent for carbonic anhydrase IX. This construct (11b) has composition ABC and architecture [3][1]3.



A PAL probe containing a mixed isotope label (11c) was prepared to facilitate identification of binding proteins by mass spectrometry (Figure 53) [268]. The probe is composed of a nitrogen hub and three functional units: (A) a deuterated benzophenone as an isotope-containing PAL agent; (B) a biotin tag for purification by affinity chromatography, and (C) cyclosporin A as a targeting agent. This construct (11c) has composition ABC and architecture [3][1]3.



A heterobivalent peptidic ligand (11d) was prepared for PET/CT breast cancer imaging (Figure 53) [269]. The ligand contains a nitrogen hub and three functional units: (A) 1,4,7-triazacyclononane-triacetic acid (NOTA) to chelate 68Ga; (B) a PEG4-BBN7–14 targeting the GRPR, where BBN7–14 (Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2) is one-half of the BBN peptide, and (C) [Lys4,Tyr4,Nle7]BVD15, which targets the neuropeptide Y receptor subtype 1 [NPY(Y1)R]. This construct (11d) has composition ABC and architecture [3][1]3.



A triple-click conjugation scaffold (11e) was developed that allows one-flask four-component coupling. The scaffold is built around a nitrogen hub with functional units including: (A) an alkyl azide; (B) a 1,2,4-triazine, and (C) a diazo group. This construct (11e) has composition ABC and architecture [3][1]3 (Figure 53) [270].



The synthesis began with 3-acetylaniline (11e-1), which upon reaction with 1,6-dibromohexane afforded the mono N-alkylated product 11e-2 in 40% yield (Figure 54). Subsequent acylation with bromoacetyl bromide followed by α-bromination with PhMe3NBr3 and sodium azide in succession gave triazide 11e-3 in 71% yield [271]. Treatment of 11e-3 with hydroxylamine and TBAF under optimized basic reaction conditions selectively transformed the alkyl azide adjacent to the ketone to the corresponding oxime 11e-4 in 65% yield. Elaboration of the oxime in 3-steps gave the 1,2,4-triazine moiety (11e-5) in 84% yield. The alkyl azide adjacent to the amide was then selectively converted to the diazo group (Unit C) to afford the ABC target compound 11e in 40% yield. The ABC compound 11e was sequentially treated in aqueous solution at room temperature with a pyrene-acrylate (11e-6), dibenzocyclooctyne (11e-7), and a trans-cyclooctene bearing a tethered biotin moiety (11e-8), affording selective conjugation at Units C, A, and B, respectively, and giving 11e-9 in 44% yield. The method may be utilized in site-selective assembly of multiple functional components onto a single molecular scaffold, thus facilitating the development of functional materials and biochemical tools.



A tetrafunctional photoaffinity probe bearing a m-nitroalkoxy substituted phenyltrifluoromethyldiazirine unit (11f) was developed (Figure 55) [272]. The probe is composed of a nitrogen hub and four functional units: (A) a biotin tag for affinity purification; (B) a m-nitrophenyl ether for cleavage by irradiation to simplify mass spectrometric analysis of labeled products; (C) phenyltrifluoromethyldiazirine as a PAL agent, and (D) a moenomycin derivative as a protein targeting agent. This construct (11f) has composition ABCD and architecture [3][2][1]3.



A sequence-defined oligothioether-amide structure (11g) was developed that contains heterotrifunctional cross-linkers with two orthogonal internal cleavage sites (Figure 55) [273]. The structure is built around a nitrogen hub and contains five functional units: (A) an azido group for click chemistry; (B) an oxidation-sensitive cleavable linker; (C) a reduction-sensitive cleavable linker; (D) rhodamine as a FRET acceptor, and (E) BODIPY as a FRET donor. This construct (11g) has composition ABCDE and architecture [3][2]2[1]3. Cleavage of the linkers can be monitored owing to the presence of the FRET fluorophores.



An amphiphile containing four steroidal heads and a polycationic tail (11h) was developed for delivery of small interfering RNA (siRNA) through cell membranes (Figure 56) [274]. The amphiphile is composed of a nitrogen hub, two lysine hubs, and six functional units: (A) four copies of cholic acid to construct a largely hydrophobic face; (B) a disulfide as a reduction-sensitive cleavable linker, and (C) a polycationic octaarginine peptide for binding to siRNA. This construct (11h) has composition A4BC and architecture [3]3[2][1]5.



An alkyne-functionalized scaffold bearing orthogonal protecting groups (11i) was developed (Figure 56) [275]. The scaffold is composed of three cyclic nitrogen hubs and three functional units: (A) a terminal alkyne; (B) a TIPS-protected terminal alkyne, and (C) a TES-protected terminal alkyne. This construct (11i) has composition ABC and architecture c-[3]3[1]3.



A compact T-shaped compound (11j) bearing three functional groups was developed (Figure 57) [276]. The synthesis is facile. The reaction of two molecules of o-mercaptobenzaldehyde and a primary amine occurs in aqueous solution at room temperature to afford a bicyclic [3.3.1] framework, a process somewhat reminiscent of the Robinson synthesis of the tropane skeleton [277,278]. The T-shaped compound is composed of a cyclic nitrogen hub and three functional units: (A) two copies of a terminal alkyne for conjugation, and (B) a model peptide bearing several nucleophilic amino acid residues (N-terminal proline, methionine, and histidine). This construct (11j) has composition A2B and architecture [3][1]3.



Selective chemical labeling and/or modification of proteins, which refers to installation of bioconjugatable handles onto defined protein surface locations, is an important strategy for understanding biological processes as well as pursuing applications in drug delivery, tissue engineering, and disease diagnosis and therapy [279,280]. Orthogonal dual modification of proteins, which enables the introduction of multiple modules on proteins, can significantly expand the scope of application in chemical biology; however, significant challenges remain concerning selectivity, efficiency, biostability, and compatibility with aqueous systems [281,282]. Though residue-specific protein labeling based on the functionalities of the natural amino acids—especially thiols and amines—is a classical and relatively straightforward strategy, the development of simple and robust methodologies that enable the installation of two specific modifications at a single site on a protein, especially when one handle can be used for bioorthogonal ligation in cells, is an area of prominent interest [283,284].



A method for chemoselective ligation of thiol- and amino-peptides was developed as exemplified by the compound 11k (Figure 57) [285]. The core scaffold is a bromomaleimide bearing a carboxylic acid tethered to the maleimido nitrogen (11k-1). The compound prepared is composed of a cyclic nitrogen hub and three functional units: (A) a first model peptide serves an amine nucleophile (on a solid phase) for coupling with the carboxylic acid of 11k-1; (B) the second model peptide serves as a thiol nucleophile, which causes displacement of the bromide and regeneration of the maleimide, and (C) the third model peptide serves as an amine nucleophile, which is attached via Michael addition. This construct (11k) has composition ABC and architecture [3][1]3.



An azabicyclic vinyl sulfone scaffold (11l) was developed for cysteine-specific dual labeling of proteins (Figure 57) [286]. The scaffold is comprised of a single [2.2.1]azabicyclic vinyl sulfone hub and three functional components: (A) an alkene as a bioconjugatable group; (B) a biotin tag, and (C) the C2A domain of Synaptotagmin-I (C2Am) mutant, which has a single Cys and binds to the phosphatidylserine on the surface of apoptotic cells, as a targeting agent. This construct (11l) has composition ABC and architecture [3][1]3.



The chemistry underlying the orthogonal reactivity of 11l warrants comment. Michael addition of a thiol group to a vinyl sulfone (11l-1) is an attractive methodology for protein labeling/modification because of the following features: (1) the reaction proceeds under mild conditions; (2) the reaction proceeds in almost quantitative fashion (hence without by-products); (3) the vinyl sulfone function is water-stable, and (4) the resulting thioether bond (11l-2) is stable (Figure 58A) [287]. Moreover, strained [2.2.1] bicyclic systems such as the norbornene-based structure (11l-3) react rapidly and specifically with tetrazine (11l-4) in inverse electron-demand Diels–Alder (iEDDA) cycloadditions to form stable adducts (11l-5). Consequently, this iEDDA reaction system is an attractive strategy for rapid and site-specific protein labeling (Figure 58B) [288]. According to these findings, a 7-azanorbornene structure was incorporated with a vinyl sulfone functionality to develop a trifunctionalized azanorbornadiene hub (11l-6) that first undergoes amidation to give the functionalized bridging nitrogen compound (11l-7), Michael addition with the vinyl sulfone to give the Michael adduct (11l-8), and iEDDA bioconjugation at the intrinsic double bond to give 11l-9 (Figure 58C).



A representative synthesis is shown in Figure 58D. The TMS group of 11l-10 was deprotected by NaF, followed by the reaction of the resulting ethynyl p-tolyl sulfone (11l-11) with N-Boc-pyrrole to afford the bicyclic 11l-12 in 71% yield over two steps. Upon deprotection of the Boc group under acidic conditions, the free azanorbornadiene (11l-13) was treated with a biotin unit bearing an acyl chloride tether (11l-14) to obtain 11l-15 in 75% yield. Finally, 11l-15 underwent Michael addition with a thiol of the C2Am mutant protein (11l-16) to provide the azabicyclic vinyl sulfone reagent 11l.



The binding ability of reagent 11l toward a phosphatidylserine phospholipid on the surface of apoptotic cells was investigated. Apoptotic HeLa cells were incubated with 11l, followed by incubation with streptavidin bearing the fluorescent dye Alexa555. Fluorescent microscopy images showed labeling of only apoptotic cells owing to the incubation with biotinylated 11l and streptavidin-Alexa555, which demonstrated that the C2Am unit in 11l worked as a targeting agent for the apoptotic cells. Finally, the labeling of 11l via iEDDA under physiological conditions was carried out. Apoptotic HeLa cells were incubated with 11l followed by treatment with 6-methyl-tetrazine-sulfo-Cy3 (Tz-Cy3) to functionalize the remaining double bond by iEDDA. Fluorescent imaging results showed intact labeling of the double bond in 11l with Tz-Cy3 by iEDDA in a cellular environment.



This study demonstrated the utility of a novel azabicyclic vinyl sulfone scaffold for cysteine-specific dual-protein labeling. The [2.2.1] azabicyclic vinyl sulfone hub 11l-12, which enables tri-functionalization via a bridging nitrogen, vinyl sulfone, and intrinsic double bond, could be further functionalized with biotin and a mutant protein to obtain the labeling reagent 11l. The sequence of transformations entails TFA-mediated acidolysis of the Boc group of 11l-12 to form 11l-13, acylation of the free amine in the latter with biotin-acid chloride 11l-14 to give 11l-15, which upon Michael addition at the vinyl sulfone with C2Am-SH (11l-16) in DMF containing aqueous sodium phosphate (NaPi) to give the target 11l. This mutant protein (C2-Am) worked as a pre-targeting agent for apoptotic cells, and post-labeling with biomolecules (e.g., streptavidin-Alexa555 or 6-methyl-tetrazine-sulfo-Cy3) via a biotin tag or iEDDA bioconjugations on cell surfaces could be achieved. This azanorbornadiene scaffold may find application for modification of target proteins and antibodies with two different functional units such as drugs, fluorophores, and tags for targeting identification.




12. Carbon Hubs (5)


Heterofunctional scaffolds, which contain a constellation of distinct (bio)conjugatable groups, are required for the rational construction of multifunctional molecules in service of bioconjugation, diagnosis, therapy and functionalization. Many reliable reactions for orthogonally linking two specific functional groups have been developed and applied to the synthesis of multifunctional molecules: the nucleophilic addition of amines on activated esters (e.g., NHS) ester, thiol–maleimide Michael addition, CuAAC, Cu-free strain-promoted azide–alkyne cycloaddition, tetrazine-based iEDDA with strained alkenes, and so on [289,290]. In this section, several all-carbon hubs are described that afford sequential couplings.



A multivalent and multimodal imaging probe (12a) was developed for PET/computed tomography (CT) tumor imaging by using a bifunctional chelator-based scaffold (Figure 59) [291]. The probe is comprised of single 3-arm carbon hub and three functional components: (A) 68Cu-1,4,7-NOTA as a PET/CT imaging agent; (B) AE105 peptide as a targeting agent for the uPA receptor, which is highly expressed in many human cancers, and (C) the cyclic peptide cyclo(-Arg-Gly-Asp-d-Tyr-Lys-) as a targeting agent for the tumor-associated integrin αvβ3. This construct (12a) has composition ABC and architecture [3][1]3.



A diazirine-based bis(glucose) derivative (12b) was developed for PAL of a GLUT (Figure 59) [292]. The derivative is comprised of a three-arm carbon hub and four functional components: (A) glucose as a targeting agent for GLUT; (B) a trifluoromethyl diazirine as a PAL agent; (C) a disulfide bond as a reduction-cleavable linker, and (D) a biotin tag. This construct (12b) has composition A2BCD and architecture [3][2]2[1]3.



An artificial tris(catecholate) siderophore–ampicillin conjugate (12c) was developed (Figure 59) [293]. The conjugate is comprised of a four-arm carbon hub and two functional components: (A) an acetylated catecholate as a ferric ion chelator, which provides bacterial membrane permeability via iron uptake pathways upon chelation with iron ion, and (B) aminopenicillin as an antibacterial drug. This construct (12c) has composition A3B and architecture [4][1]4.



A trifunctional compound (12d) built on a norbornene hub was developed (Figure 59) [294]. This compound was suitable for conducting three orthogonal click reactions in a one-flask process stemming from the presence of three conjugatable groups: a strained alkene from norbornene for iEDDA click chemistry [295,296] (Unit A), an alkyne for CuAAC (Unit B), and an electron-deficient maleimide group for thiol-Michael addition (Unit C). This construct (12d) has composition ABC and architecture [3]1[1]3.



The key design of 12d was based on the requirement of three different functional groups wherein each corresponding click reaction can be performed without any cross-reaction. As shown in Figure 60, maleic anhydride (12d-1) was first treated with cyclopentadiene [297] to give 12d-2 followed by propargyl alcohol to give the ring-opened difunctionalized intermediate 12d-3. In a separate route, 12d-1 was reacted with furan to give the Diels–Alder product 12d-4, which upon reaction with 2-aminoethanol gave 12d-5, which underwent thermal retro-Diels–Alder to give furan N-2-hydroxyethylmaleimide 12d-6 [298]. The final attachment was completed by esterification to join 12d-3 and 12d-6. The resulting scaffold 12d is amenable to one-flask reaction of the three aforementioned click reactions without any further protection technology or extra purification steps, which hints at attractive future designs as long as the reactions conditions and sequence are duly considered. Three different macromolecular segments now can be introduced simultaneously to impart complexity in the target molecule.



An oxazolone (also known as an azlactone) ring has potential as a powerful multifunctional scaffold because the ring-opening reaction with good nucleophiles such as amines is clean, specific and facile in a broad range of organic solvents as well as in aqueous solution at room temperature without any catalysts (Figure 61, inset) [299,300,301]. An oxazolone-based heteromultifunctional scaffold (12e) was developed for click chemistry (Figure 61) [302]. The scaffold is comprised of a single oxazolone hub and three functional components: (A) an alkene for conjugation in a thiol-ene radical reaction, which constitutes a type of click chemistry; (B) an alkyne for conjugation with an azide via Cu-catalyzed click reaction, and (C) azlactone for reaction with an amine via an oxazolone ring-opening reaction. This construct (12e) has composition A2BC and architecture [4][1]4.



The synthesis of 12e is shown in Figure 61. A TMS-protected alkyne was introduced to benzoic acid 12e-1 via Sonogashira cross-coupling, followed by conversion to the corresponding acylcyanohydrin 12e-2 in 75% yield. Treatment with an allylzinc reagent afforded the corresponding hydroxyamide 12e-3 in quantitative yield. A two-step sequence including 2-iodoxybenzoic acid (IBX) oxidation and Pinnick (Kraus) oxidation converted the alcohol 12e-3 into the corresponding carboxylic acid 12e-4 in 79% yield. After removal of the TMS group, intramolecular cyclization via mixed anhydride activation of the carboxylic acid 12e-4 by ethyl chloroformate gave the tri-functionalized oxazolone 12e in 98% yield.



The orthogonal reactivity of oxazolone 12e toward sequential aminolysis, Cu-catalyzed click chemistry, and radical alkene hydrothiolation was investigated with model benzyl substrates (Figure 61). Aminolysis and CuAAC are sequential reactions that proceeded in excellent yield regardless of the reaction order. The sequential coupling of an amine with 12e proceeded in 97% yield to give 12e-5, which then reacted quantitatively with an azide to give 12e-6. In addition, the simultaneous coupling of the amine and azide with 12e in a one-flask procedure provided 12e-6 in 95% yield, which demonstrates the orthogonality between the alkyne and oxazolone reactivities. The order of the amidation and reaction with azide could be reversed as shown by the intermediacy of 12e-7. In the case of aminolysis and the thiol-ene click reaction under UV irradiation (365 nm), the stepwise conjugation could also be achieved in satisfactory yield regardless of the reaction order to obtain 12e-8. On the contrary, the CuAAC reaction (12e → 12e-7) must be performed before the thiol-ene reaction (12e-6 → 12e-8 or 12e-7 → 12e-9) to avoid the undesired hydrothiolation of the alkyne. The CuAAC reaction was carried out in the presence of the ligand N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA), whereas the thiol-ene addition was carried out in the presence of the photoinitiator DMPA. Finally, the oxazolone scaffold 12e was successfully subjected to a one-flask orthogonal conjugation with three substrates in 85% yield without any purification (Figure 61).



This study demonstrated the utility of the new oxazolone-based heteromultifunctional scaffold for click chemistry reactions. The oxazolone scaffold 5, which contains azlactone, alkene, and alkyne groups, underwent stepwise orthogonal modifications with three model substrates (amine, azide, and thiol) to provide 12e-8 in high yield although the CuAAC reaction must be carried out before the thiol-ene reaction. Furthermore, the simultaneous one-flask conjugation with three model substrates on 12e was achieved in remarkable yield. These results strongly support use of this oxazolone-based scaffold 12e for bioconjugation or surface functionalization to construct multifunctional molecules.




13. Functional Hubs (12)


The members of the class described here have features in common with one or more of the aforementioned classes, but are distinguished by the role of the hub more than solely the composition of the hub. An enzymatically degradable cross-linking agent (13a) was developed for quantitation and visualization of hydrogel degradation (Figure 62) [303]. The enzyme of choice was MMP. The cross-linking agent contains two hubs, an enzymatically recognized Lys residue in a substrate peptide (B) cleaved by MMP and an independent Lys, and four functional components: (A) an acryloyl group as a cross-linking agent; (C) 2,4-dinitrofluorobenzene as a fluorescence quencher, and (D) MCA as a fluorophore. This construct (13a) has composition A2BCD and architecture [3]2[1]4.



A compound built around a triazine hub (13b) was developed as a new class of affinity glycoprobes for specific covalent labeling of carbohydrate-binding proteins (Figure 62) [304]. This affinity glycoprobe is composed of four units: (A) a triazine hub as a labeling agent; (B) an alkyne for CuAAC; (C) a furan for Diels–Alder conjugation to maleimide derivatives, and (D) a chitin pentaose as a targeting agent for carbohydrate-binding proteins. This construct (13b) has composition ABCD and architecture [3][1]3.



Treatment of cyanuric chloride (9a) with propargyl alcohol (Unit B) in the presence of i-Pr2EtN afforded mono-substitution to give dichlorotriazine 13b-1 in 80% yield (Figure 63). The subsequent reaction with furfurylamine (Unit C), also in the presence of i-Pr2EtN, provided diamino-substituted monochlorotriazine 13b-2 in 89% yield. In the next step, 13b-2 was treated with NMM and unprotected chitin pentaose (13b-3, an anomeric mixture) in aqueous solution to afford the desired ABCD molecule 13b (with α-anomeric configuration) in 45% yield. Most likely, NMM added to the reaction mixture functioned as a nucleophilic catalyst by forming a triazinylammonium intermediate. The selective substitution is attributed to the high acidity of the anomeric hydroxy group in chitin pentaose.



Compound 13b was used for affinity labeling of a chitin pentaose-binding protein, wheat germ agglutinin. Triazinylation of a nucleophilic residue in the protein was proposed to occur with release of chitin pentaose as a leaving group. The labeling of the protein was detected after treatment with azido-fluorescein, which attaches fluorescein to the alkyne (Unit B). Further study is necessary to quantify the protein labeling and to determine the position of the labeled amino acid residue(s).



Self-immolative linkers are valuable to enable release of a drug at a target site, particularly upon enzymatic triggering [305,306]. A compound (13c) containing a self-immolative linker that releases (upon enzymatic action) a phenol-containing drug was developed for use in ADCs (Figure 64) [307]. The linker is comprised of a single self-immolative hub (A) and four functional components: (B) a β-glucuronide that is cleaved by β-glucuronidase present in lysosomes and the tumor interstitium; (C) N,N′-dimethylethylenediamine (DMED) as a self-immolative linker; (D) psymberin as a cytotoxic drug, and (E) maleimide for conjugation to an antibody. This construct (13c) has composition ABCDE and architecture [3][2][1]3. Drug release arises upon enzymatic deglucuronidation, 1,6-elimination, decarboxylation, and cyclization of the DMED carbamate to liberate the free phenol moiety.



A highly efficient mitochondria-targeting antitumor theranostic prodrug (13d) was developed (Figure 64) [308]. The prodrug is comprised of two self-immolative hubs (A) and four functional components: (B) a phenylboronic ester linker that is cleaved by ROS such as H2O2, which is abundant in the mitochondria of tumor cells; (C) biotin for targeting biotin receptor-positive tumor cells; (D) 5-fluorouracil (5-FU) as a cytotoxic drug, and (E) ethidium as a fluorophore and targeting agent by intercalation with double-stranded RNA or DNA. This construct (13d) has composition A2B2C2D2E and architecture [3]2[2]3[1]4. In the presence of H2O2, the phenylboronic ester moiety is oxidized and hydrolyzed, and the self-immolative hubs are subsequently eliminated to release 5-FU and ethidium to the tumor cells, thereby providing both cytotoxicity and strong fluorescence.



Alsarraf et al. synthesized a dendritic folate-drug conjugate (13e) built around a combination of two self-immolative linkers (Figure 64) [309]. The folate-drug conjugate (13e) is composed of two monomethylauristatin E (MMAE) as anti-tumor drugs (Unit A), two self-immolative hubs (Units B and D), galactose as an enzymatic-cleavable trigger (Unit C) and folate as a FR targeting agent (Unit E). This construct (13e) has composition A2BCDE and architecture [3]2[1]4. This dendritic folate-drug conjugate can recognize the FR at the surface of cancer cells and was able to be endocytosed. Upon selective internalization, enzymatic cleavage of the glycosidic bond by lysosomal β-galactosidase followed by 1,6-elimination and decarboxylation leads to an aniline intermediate bearing two copies of the anti-neoplastic agent MMAE. The intermediate will later go through successive 1,6- and 1,4-elimination to release both MMAE units to kill cancer cells.



The synthesis is outlined in Figure 65. The alkylation of 3-nitro-4-hydroxybenzaldehyde (13e-1) with propargyl bromide afforded 13e-2, which upon glycosylation with acetobromo-β-d-galactose in the presence of 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTTA) afforded 13e-3. Carbonylation with p-nitrophenyl chloroformate afforded the key intermediate 13e-4 equipped with the self-immolative Unit B and sugar Unit C [310]. The synthesis of the self-immolative hub began by protection of bis(1,3-hydroxymethyl)benzene (13e-5) with silyl groups (13e-6), which upon nitration afforded nitroarene 13e-7. Catalytic transfer hydrogenation [311,312] gave aniline 13e-8, which upon treatment with fluoride gave the dimethanol aniline derivative 13e-9 [313]. It warrants mention that 13e-9 can be masked by two distinct protecting groups, which in later designs may enable conveyance of two distinct components by selective deprotection, whereas two identical MMAE motifs are used in this case.



The double self-immolative hub was then assembled by treating carbonate 13e-4 with aniline 13e-9 in the presence of HOBt to give the diol intermediate 13e-10 (Figure 65) [314]. Similar activation (via carbonylation) afforded active intermediate 13e-11, which upon nucleophilic substitution with MMAE afforded 13e-12. Full deprotection of the sugar hydroxy groups was then carried out and followed by copper-catalyzed click reaction with azido-folate to provide the final construct 13e. This work shows the elegance of installation of both targeting and enzyme-cleavable triggers onto an anti-tumor pro-drug. The chemical amplifier Unit D also provides a multi-fold drug releasing property, which is of great interest in the area of experimental therapeutics.



Fluorescence imaging is an attractive strategy for non-invasive visualization of cellular and biological processes that are involved in specific diseases, and has been widely used for disease diagnosis and treatment as well as clarification of complicated physiological events [315,316]. In particular, small molecule-based fluorescent probes for reporting in vivo enzymatic activities are a powerful tool for the detection and imaging of enzymatic activities in living systems owing to the following advantages: (1) rational designability and (in principle) well-defined synthesis; (2) high sensitivity; (3) fast and easy analysis; (4) cell permeability, and (5) real-time detection [24,317,318,319]. Although myriad small molecule-based fluorescent probes for in vivo detection have been developed, application to high-resolution imaging of enzyme activity and localization has been limited because these probes are usually subject to rapid diffusion from the reaction site [320]. Caspase is an attractive cysteine protease for imaging, because the caspase family is associated with human diseases such as cancer, degenerative diseases, and inflammatory disorders [321,322]. Therefore, the development of small molecule-based fluorescent probes for detecting and imaging the locale of caspase activity in the cells has been a sharp focus.



A fluorescence-quenched activity-based probe (qABP) based on quinolimine methide chemistry (13f) was developed for imaging live mammalian cells where caspase activities are localized (Figure 64) [323]. The qABP in this study is comprised of a functional quinolimine methide-based hub (A), a Lys hub, and four functional components: (B) Dabcyl as a quencher; (C) a biotin tag; (D) a substrate peptide cleaved by caspase, and (E) 5-carboxyfluorescein as a fluorophore. This construct (13f) has composition ABCDE and architecture [3]2[1]4.



Quinolimine (or quinone) methide-based structures have been used as functional scaffolds for constructing chemical imaging probes due to the self-immolative feature as well as the subsequent reactivity toward nucleophiles [324,325,326,327]. In this study, this quinolimine methide-based chemistry was advantageously applied to the development of the qABP. The specific compound (13f) designed includes the elimination of a peptide linked to a p-aminomandelic acid moiety via an amide bond to generate the reactive quinolimine methide species, which then reacts with a nucleophile. Proteolytic cleavage of the substrate peptide of qABP by caspase in the cell affords an intermediate (13f-1) that undergoes self-immolative 1,6-elimination of the quencher moiety to provide the reactive fluorescent quinolimine methide intermediate 13f-2 (Figure 66). The latter is electrophilic and was estimated to subsequently undergo three different labeling processes (Figure 66): (1) quenching by bulk water to generate the undesired hydrated product 13f-3, which could be easily washed away; (2) covalent binding to caspase to give 13f-4, and (3) reaction with a nearby nucleophilic species to give 13f-5 and likely accumulate in the cell. These immediate labeling reactions avoid the undesired rapid diffusion of the probe from the cell.



The synthesis of the quinolimine methide precursor (13f) began as is shown in Figure 67. Commercially available p-nitrophenylacetic acid (13f-6) was converted to the tert-butyl ester (13f-7) and subjected to benzylic bromination with N-bromosuccinimide (NBS) to give 13f-8. α-Acetoxylation gave p-nitromandelic acid (13f-9), which was subjected to cleavage of the tert-butyl group and condensation with O-allyl protected glycine (destined to serve as a linker) to give 13f-10. Removal of the acetyl group gave 13f-11, which upon treatment to dissolving metal reduction gave aniline 13f-12. Elaboration at the anilino nitrogen was then carried out by introduction of the first amino acid of the substrate peptide (Fmoc-Asp(OtBu)-OH) to obtain 13f-13. After activation of the hydroxyl group of 13f-13 by p-nitrophenyl chloroformate to give 13f-14, the Dabcyl moiety was coupled to yield 13f-15. Finally, deprotection of the allyl group by Pd catalysis afforded the p-aminomandelic acid building block 13f-16. Thus, in broad overview, preparation of the qABP relies on derivatization of the p-aminomandelic acid core 13f-16 with two amino acids (Fmoc-Asp(OtBu) and Gly) and the quencher. Building block 13f-16 was readily applicable to standard Fmoc SPPS because the structure is similar to that of an N-Fmoc-protected amino acid.



Building block 13f-16 and the other amino acids were used for constructing the probe by standard Fmoc SPPS. Consecutive Fmoc-deprotection and coupling reactions on the Rink amide AM resin 13f-17 successfully proceeded via intermediates 13f-18–20 to give 13f-21 (Figure 68). The couplings proceeded with various standard cocktails of reagents including use of HATU and 1-hydroxy-7-azabenzotriazole (HOAt) in DMF containing DIEA. Selective deprotection of the Mtt group of the Lys residue under acidic conditions, reaction of di-O-acetylfluorescein NHS ester with the resulting amino group, and removal of the di-O-acetyl protection under basic conditions gave 13f-22. Finally, removal of the resin and protecting groups by treatment with TFA provided the desired qABP 13f.



The substrate specificity of qABP 13f toward the caspase family was investigated in an in vitro enzymatic assay. The fluorescence results in the standard microplate-based enzymatic assay showed that the probe 13f was mainly hydrolyzed by caspase-3 and caspase-7. On the other hand, cathepsin B, L, and S as well as legumain, which are the most abundant cysteine proteases in mammalian cells, did not cleave 13f. In kinetic assays against caspase-3 and -7, probe 13f displayed 10-fold higher catalytic efficiency compared with the conventional coumarin-based caspase-3 and -7 substrate N-acetyl-Asp-Glu-Val-Asp-7-amido-4-trifluoromethylcoumarin; such results demonstrate the excellent substrate specificity of qABP 13f toward the intended enzyme targets (i.e., caspases).



The imaging ability of the qABP 13f for enzyme localization in cells was evaluated next with an in vivo assay. Apoptotic mammalian cells, where caspase-3 and -7 are overexpressed, were incubated with 13f, and the lysates were analyzed by in-gel fluorescence scanning. Various non-target proteins labeled with the quinolimine methide intermediate were observed (Pathway 3 in Figure 66). In contrast, any species labeled with the reactive intermediate were not observed in the case of the lysates of normal HeLa cells in which caspases were not expressed. This result indicated that caspase activities in the cells induced release of the reactive quinolimine methide intermediate, and the intermediate was predominantly trapped by other proteins in the vicinity. Finally, to demonstrate that the aforementioned labeling process provides sufficient spatial resolution to accurately report localization of caspases in the cell, normal and apoptotic HeLa cells treated with 13f were examined by confocal fluorescence microscopy. The apoptotic HeLa cells treated with 13f clearly showed strong fluorescence after washing off the fluorescent contaminants including the hydrated intermediate (Pathway 1 in Figure 66); in contrast, no fluorescence appeared in the normal HeLa cells treated with 13f. These results demonstrated that non-specific labeling with qABP 13f enables bioimaging of the live mammalian cells where caspase-3 and -7 are localized.



In conclusion, a new class of qABPs based on quinolimine methide chemistry for imaging of caspase activities in live mammalian cells was successfully synthesized from the amino acid-like quinolimine methide building block 13f-16. The in vitro caspase assay exhibited excellent substrate specificity and catalytic efficiency of qABP 13f against caspase-3 and -7 compared with that of the conventional coumarin-based probe. The fluorescence microscopic studies demonstrated that 13f could be used for bioimaging apoptotic cells through caspase activity. The biotin tag in 13f can be replaced with other functional molecules such as a cell-penetrating peptide, illustrating the versatility of this probe design. The modularity of this probe suggests applications to bioimaging of a variety of other endogenous enzymes.



A universal dark quencher (UDQ) (13g) was developed by using a trivalent nitro-Dabcyl quencher (Figure 69) [328]. The UDQ is comprised of a single nitro-Dabcyl as both hub and quencher (A) and four functional components: (B) a carboxylic acid as a conjugatable group; (C) BHQ-3 as a first quencher; (D) BHQ-1 as a second quencher, and (E) a sulfobetaine as a water-solubilizing group. This construct (13g) has composition ABCDE and architecture [3][2][1]3.



A molecular renal probe (13h) with high renal clearance efficiency was developed for in vivo optical imaging of drug-induced acute kidney injury (Figure 69) [329]. The probe is comprised of a single cyanine dye as a hub and fluorophore (B) and three functional components: (A) (2-hydroxypropyl)-β-cyclodextrin as a renal clearance moiety, which provides dramatic renal clearance efficiency of the probe; (C) a phenoxy-dioxetane as a chemiluminophore, and (D) a trifluoromethanesulfonyl (or triflyl) group cleaved by the superoxide anion (O2·−), which is a biomarker for acute kidney injury. This construct (13h) has composition A2BCD and architecture [3][2][1]3. The probe emits NIR fluorescence but becomes chemiluminescent only after the cleavage of the trifluoromethanesulfonyl group by the superoxide anion. The probe enables simultaneous monitoring of superoxide anion and clearance of the probe via chemiluminescent and NIR fluorescence signals respectively, providing a direct comparison of the time between upregulation of the superoxide anion and changes in glomerular filtration after nephrotoxic exposure in living animals.



A glycoporphyrin-based theranostic agent (13i) was developed for multimodal imaging and PDT towards cancer (Figure 69) [330]. The agent is comprised of a single Zn-porphyrin (as a combined hub, fluorophore, and photosensitizer, unit B) and two other components: (A) glucose as a targeting agent for the GLUT proteins on the cancer cells and (C) 2-fluoro-2-deoxy glucose (FDG) as a potential PET imaging agent. This construct (13i) has composition A3BC and architecture [4][1]4.



A porphyrin-based photosensitizer (13j) was developed that integrates MRI and fluorescence diagnostics with mitochondrial-targeted PDT in cancer theranostics (Figure 69) [331]. The photosensitizer is comprised of a single Mn-porphyrin (as a hub, fluorophore, photosensitizer, and MRI agent, B) and two functional components: (A) transplatin as a photosensitizer and (C) triphenylphosphonium cation as a targeting agent for mitochondria. This construct (13j) has composition A3BC and architecture [4][1]4.



The synthesis of 13j is shown in Figure 70. A mixed-aldehyde condensation [332] under Adler conditions with pyrrole (13j-1), 4-pyridylcarboxaldehyde (13j-2) and 4-hydroxybenzaldehyde (13j-3) in refluxing propionic acid containing acetic anhydride afforded a mixture of porphyrins. This one-flask procedure is ostensibly simple but chromatography in some instances can be prohibitively taxing given the formation of up to six porphyrins in addition to the inevitable numerous byproducts. For an overall yield of porphyrins of 20%, and the use of a 3:1 ratio of A and B aldehydes to favor the desired A3B-porphyrin (expected ~41% of the total porphyrins on the basis of statistics), the anticipated yield of the desired A3B-porphyrin would be about 8%. Losses on chromatography would of course degrade the yield further. Statistical reactions can be beguiling in this way [333]. (Here, the A3B terminology refers to the porphyrin substituents and not the abcedarian nomenclature of the graphs described throughout the text.) Chromatographic purification gave the desired tripyridylporphyrin (13j-4), albeit bearing the propionate ester of the lone phenol substituent. Saponification of the latter gave the free phenol (13j-5), which was alkylated with 4-bromobutyltriphenylphosphonium bromide (13j-6) to give the free base tripyridylporphyrin (13j-7). Metalation with manganese acetate gave metalloporphyrin 13j-8, which upon treatment with transplatin and silver nitrate gave, following removal of silver chloride, the tri-platinated porphyrin Pt-MnPor-PPh3 (13j) [334].



A cancer theranostic agent (13k) that contains a fluorophore and a cytotoxic drug was developed (Figure 69) [335]. Here, a BODIPY provides a functional hub. The constituents include a multifunctionalizable BODIPY as an optical imaging fluorophore (Unit A), a glucose derivative as a targeting agent (Unit B), a phosphonium as solubilizing group (Unit C), and an Au(I) complex as a cytotoxic drug (Unit D). This construct (13k) has composition ABCD and architecture [3]1[1]3.



The synthesis of 13k relies on synthesis of a tri-functionalizable BODIPY hub [336]. Thus, treatment of methyl 4-formylbenzoate (13k-1) with excess pyrrole [337] afforded the corresponding dipyrromethane 13k-2, which upon reaction with N-chlorosuccinimide (NCS) gave selective α-pyrrole chlorination yielding the 1,9-dichlorodipyrromethane 13k-3. Treatment with p-chloranil gave dipyrrin 13k-4, which upon exposure to BF3·O(Et)2 in the presence of triethylamine [259] gave the corresponding BODIPY 13k-5; this procedure is quite concise to convert an aryl aldehyde to the BODIPY [336] (Figure 71). Reaction with strong acid gave the free carboxylic acid 13k-6. The assembly of the following units was restricted by the fact that a second functionalization on the BODIPY pyrrole core ring was allowed only when a primary aliphatic amine was employed as the first nucleophile. On the basis of this reason, 13k-6 was treated with β-thioglucose tetraacetate to give nucleophilic substitution of the α-chloropyrrole and form 13k-7, which upon subsequent nucleophilic substitution of the remaining of the α-chloropyrrole with the amine of 2-(triphenylphosphonium)ethylammonium dibromide in the presence of NaHCO3 gave the difunctionalized intermediate 13k-8. Final introduction of the Au(I) complex was achieved by amidation of the p-carboxy group with 2-(diphenylphosphino)ethylamine-aurichloride to form the target 13k [335].



This work takes the advantage of the BODIPY as a simple tri-functionalizable platform as well as an optical imaging agent for tracking, which confirms the availability for rapid synthesis of a large library of compounds. Other analogues related to 13k also were prepared by Pliquett and coworkers through derivatization of this versatile BODIPY scaffold [335]. The well-established step-by-step synthetic protocol provides a promising path towards potential biological molecular designs.



Developing spatially defined architectures is an essential undertaking in the field of artificial photosynthesis, as photoinduced electron transfer and energy transfer are influenced by the three-dimensional arrangements of interacting pigments. We developed a one-flask synthesis of shape-persistent macrocycles [338] that incorporate six porphyrins. A representative example (13l) is shown in Figure 72. The one-flask synthesis relies on the Sonogashira coupling of a diethynylporphyrin (zinc chelate, 13l-1) and a diiodoporphyrin (free base, 13l-2) in the presence of a tripyridyl template (13l-3) (Figure 73). The template coordinates to the zinc porphyrins and guides the assembly to give the templated product (13l-4) [338]. This synthetic approach was applied to prepare eight cyclic hexamers of type 13l that differ in the nature of the substituents at the nonlinking positions (Figure 74) [338,339,340,341]. Yields range from 0.7–9.6% depending on the nature of the nonlinking substituents.



To call attention to the metalation states of the various porphyrins, the nomenclature in the published literature is employed here. Four types of cyclic hexamers, all of type 13l, have been prepared:



Type I cyclic hexamers (cyclo-Zn3Fb3-1a–c) employ two trans-A2B2-porphyrins wherein the two non-linking substituents on a given porphyrin are identical with each other. (Here, “Fb” stands for free base, indicating the absence of a centrally coordinated metal, and “Zn” indicates the presence of the zinc(II) chelate. For additional porphyrin nomenclature, see [332,342]). Here, all nonlinking substituents in the cyclic hexamer are identical with each other.



Type II cyclic hexamers (cyclo-Zn3Fb3-1d,e) employ two trans-A2B2-porphyrins wherein the two non-linking substituents on a given porphyrin are identical with each other. Here, the nonlinking substituents on the zinc porphyrin differ from those on the free base porphyrin [341].



Type III cyclic hexamers (cyclo-Zn3Fb3-1f–h) employ two trans-AB2C-porphyrins wherein the two non-linking substituents on a given porphyrin are not identical with each other. Here, the nonlinking substituents on the zinc porphyrin are identical with those on the free base porphyrin. Note that while the display shows all R substituents and R′ substituents on opposite edges of the macrocycle, the porphyrins can rotate about the trans axis, enabling randomization of the positions with respect to the two edges [341]. This construct (cyclo-Zn3Fb3-1f–h) has composition A2B2C2D2E2F2 and molecular architecture c-[4]6[1]12.



Type IV cyclic hexamers (cyclo-Zn2FbZn2Fb and cyclo-Zn2FbZn2Mg) employ two trans-A2B2-porphyrins wherein the two non-linking substituents on a given porphyrin are identical with each other. Here, all nonlinking substituents in the cyclic hexamer are identical with each other, and “Mg” indicates the presence of the magnesium(II) chelate. The synthesis of the two Type IV cyclic hexamers proceeded via a stepwise route wherein an acyclic pentamer of porphyrins was reacted with the sixth porphyrin, or two acyclic trimers of porphyrins were reacted to give the cyclic hexamer, with final macrocyclization yields of 10% and 13.6% yield, respectively. Such directed syntheses were essential to create the distinct metalation motifs [340].



The various metalation motifs enabled docking of a seventh porphyrin and channeling of excited-state energy among the porphyrins in the “wheel” of the cyclic hexamer (13l) and from such porphyrins to the docked porphyrin in the “spoke” position. The supramolecular architecture provides a platform for study of the flow of excited-state energy and electron transfer among the pigments [338,339,343,344,345]. The shape-persistent nature of the architectures is a key feature underpinning such studies [346,347]. While valuable for studies of excited-state energy flow among porphyrins following absorption of light, use of such large, shape-persistent compounds as versatile scaffolds to address broader issues in the energy sciences remains fallow.



A general synthetic route to ABCD-porphyrins is shown in Figure 75. A 1,9-diacyldipyrromethane (13l-5) is treated to reduction with sodium borohydride, which affords the corresponding dipyrromethane-1,9-dicarbinol (13l-6). The latter is partially purified and condensed with a dipyrromethane (13l-7) to give the resulting porphyrinogen (13l-8, a hexa-hydroporphyrin). Subsequent treatment with DDQ affords the porphyrin (13l-9). The route can be employed to access porphyrins with up to four distinct meso-substituents (i.e., ABCD-porphyrins) [342]. Yields of 20–30% are routine for this process, but more important than yield is the absence of acidolytic scrambling of substituents [333]. Conditions have been devised to enable high fidelity conversion of the substituents without such acidolysis and rearrangement of the substituents [348]. Other routes to such porphyrins also are available [349].



An example of the route is provided in Figure 75. Condensation of an aldehyde (13l-10) in the presence of excess pyrrole (as solvent and reactant) affords the dipyrromethane (13l-7a–f). The examples shown were prepared using TFA [341], although other acids can be employed [350]. A given dipyrromethane (13l-7b) undergoes acylation at the 1-position upon treatment with a Grignard reagent followed by an S-2-pyridyl thioate (13l-11) to afford the 1-acyldipyrromethane (13l-12); subsequent acylation at the 9-position is achieved with a Grignard reagent and an acid chloride (13l-13) to afford the 1,9-diacyldipyrromethane (13l-14). An alternative to the sequential acylation process is a one-flask process, wherein the Grignard reagent and an acid chloride (13l-13) are used in excess. Treatment of 1,9-diacyldipyrromethane (13l-14) with NaBH4 followed by short workup and subsequent reaction with a dipyrromethane (13l-7a) under suitable acidic conditions followed by oxidation afforded the corresponding porphyrin. Given a free base porphyrin, metalation with zinc acetate smoothly affords the zinc porphyrin. Thus, metalation with zinc acetate gave porphyrin 13l-15, which here contains two ethynes, one protected carboxylic acid, and one S-acetylthioether.



The successful preparation of 13l-15 illustrates the broad scope of the synthetic route [342]. While the route to trans-AB2C-porphyrins can be applied to prepare trans-A2B2-porphyrins, the latter also can be access via simpler routes including those that do not entail acylation of a dipyrromethane [342]. The upshot is that porphyrins can be prepared by rational synthetic methods to give hubs of composition up to ABCD. Such porphyrins can be elaborated in a rational manner to give large, shape-persistent macrocycles equipped with diverse functional groups.




14. Outlook


The de novo synthesis of molecular scaffolds enables rich opportunities in fields ranging from pure chemistry to materials science and the life sciences. Scaffolds serve as a nexus for juxtaposition of multiple groups. The thrust of the present review has been to illustrate the wide diversity of scaffolds that have been reported in recent years, chiefly the past two decades. The ability to prepare and derivatize scaffolds in a rational manner provides a valuable alternative to the traditional statistical derivatization of multifunctional carriers; the former requires more work but affords a homogeneous product; the latter is quicker but affords an intractably complex mixture.



Scaffolds have been categorized here with regards to composition (distinct appended groups ABCDE) and architecture (molecular graphs [M]x[N]y[O]z) to allow analysis apart from the chemical framework and functional groups. Index numbers provided along with the graphical abstract in each case highlight the sequence of couplings for assembly and derivatization of a given scaffold. Altogether, the review describes 30 hub molecules, 31 distinct molecular graphs, 107 examples (scaffolds and derivatives thereof), and 19 illustrative syntheses. A recurring theme in the development of scaffolds chemistry has been the adoption of techniques from bioconjugate chemistry and peptide synthesis, exemplified by use of click chemistry and the hub lysine. The survey here shows alternative hubs (e.g., cyanuric chloride, ABC; a [2.2.1] azabicyclic vinyl sulfone, ABC; benzotrifuranone, ABC; oxazolone, A2BC; porphyrin, ABCD) and companion reactions that would appear to be comparable to the superb features offered by extant click chemistry.



The demands for macromolecular conjugates a century ago could only be met with naturally occurring carriers and derivatization via statistical reactions. The advent of diverse scaffolds for rational chemistry points to a new era of chemistry that fulfills needs unmet by the powerful capabilities of macromolecular synthesis (access to large molecular weight polymers, albeit polydisperse), protein engineering (exquisite and versatile molecular structures with genetic expression, but often overly complex and susceptible to errant folding), and three-dimensional printing (top-down access to intricate structures, albeit not yet with the desired molecular scale or functional group specificity). A next challenge is the development of scaffolds for rational chemistry of mesoscale dimensions (few 10s–100s of nm) thereby offering a true and compelling complement to the traditional macromolecular carriers.
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Abbreviations




	AAZTA
	1,4-bis(carboxymethyl)-6-[bis(carboxymethyl)]amino-6-methylperhydro-1,4-diazepine



	ADC
	antibody–drug conjugate



	5-AVA
	5-aminovaleric acid



	All
	Allyl



	Alloc
	allyloxylcarbonyl



	AMP
	adenosine monophosphate



	BBN
	bombesin peptide



	BHQ
	black hole quencher



	Bn
	benzyl



	BNCT
	boron neutron capture therapy



	Boc
	tert-butyloxycarbonyl



	BODIPY
	boron-dipyrrin



	BP
	benzophenone



	C2Am
	C2A domain of synaptotagmin-I



	CA
	carbonic anhydrase



	CBT
	2-cyanobenzothiazole



	CDR
	complementarity determining region



	CES
	carboxyesterase



	Cha
	cyclohexylalanine



	Cit
	citrulline



	Cp*
	pentamethylcyclopentadienyl



	CSAN
	chemically self-assembled nanoring



	CT
	computed tomography



	CuAAC
	copper-promoted [3 + 2]-azide–alkyne cycloaddition



	Dabcyl
	4-dimethylaminophenylazobenzene-4-carboxylic acid



	Dansyl
	5-(dimethylamino)naphthalene-1-sulfonyl



	DCC
	N,N′-dicyclohexylcarbodiimide



	Dde
	1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl



	DEAC
	7-diethylaminocoumarin



	DHP
	3,4-dihydro-2H-pyran



	DIBAL-H
	diisobutylaluminum hydride



	DIBO
	5,6-didehydro-11,12-dihydrodibenzo[a,e]cyclooctene



	DIC
	N,N′-diisopropylcarbodiimide



	DIEA
	diisopropylethylamine



	DKP
	2,5-diketopiperazine



	DMAP
	4-(N,N-dimethylamino)pyridine



	DMED
	N,N′-dimethylethylenediamine



	DMF
	N,N-dimethylformamide



	DMPA
	2,2-dimethoxy-2-phenylacetophenone



	DMSO
	dimethylsulfoxide



	DOTA
	1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid



	DPPA
	diphenylphosphoryl azide



	DTBPY
	4,4′-di-tert-butyl-2,2′-bipyridyl



	DTT
	1,4-dithio-d-threitol



	EDA
	ethylenediamine



	EDC
	1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride



	EDT
	Ethanedithiol



	EPR
	enhanced permeation and retention



	ESI-MS
	electrospray ionization mass spectrometry



	FITC
	fluorescein isothiocyanate



	Fmoc
	9-fluorenylmethoxycarbonyl



	FR
	folate receptor



	FRET
	Förster resonance energy transfer



	5-FU
	5-fluorouracil



	GABA
	γ-aminobutyric acid



	GFP
	green fluorescent protein



	GLUT
	glucose transporter



	GRPR
	gastrin-releasing peptide receptor



	HATU
	O-(1H-7-azabenzotriazol-1-yl)-1,1,3,3 -tetramethyluronium hexafluorophosphate



	HBTU
	O-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate



	hGC
	heteroglycocluster



	HCTU
	O-(1H-6-chlorobenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate



	HMTTA
	1,1,4,7,10,10-hexamethyltriethylenetetramine



	HOAt
	1-hydroxy-7-azabenzotriazole



	HOBt
	1-hydroxybenzotriazole



	Hof
	homophenylalanine



	IBX
	2-iodoxybenzoic acid



	ICP-MS
	Inductively coupled plasma mass spectrometry



	iEDDA
	inverse electron-demand Diels–Alder



	KAHA
	α-ketoacid–hydroxylamine



	LHRH
	luteinizing hormone releasing hormone



	MALDI-TOF-MS
	matrix-assisted laser desorption ionization time-of-flight mass spectrometry



	MBHA
	4-methylbenzhydrylamine



	MCA
	7-methoxycoumarinyl-4-acetic acid



	MMAE
	monomethylauristatin E



	MMP
	matrix metalloproteinase



	mPDA
	m-phenylenediamine



	MRI
	magnetic resonance imaging



	Mtt
	4-methyltrityl



	MTX
	methotrexate



	nanoSIMS
	nanoscale secondary ion mass spectrometry



	NaPi
	sodium phosphate



	NBS
	N-bromosuccinimide



	NCL
	native chemical ligation



	NCS
	N-chlorosuccinimide



	NGF
	nerve growth factor



	NHS
	N-hydroxysuccinimide



	NHS ester
	N-hydroxysuccinimidyl ester



	NIQ
	naphthylisoquinoline



	NIR
	near infrared



	NMM
	N-methylmorpholine



	NMP
	N-methyl-2-pyrrolidone



	NMR
	Nuclear magnetic resonance



	NOTA
	1,4,7-triazacyclononane-triacetic acid



	NP
	nanoparticle



	NPY(Y1)R
	neuropeptide Y receptor subtype 1



	OA
	oleanolic acid



	Pag
	propargylglycine



	PAL
	photoaffinity labeling



	Pam
	palmitoyl



	PBS
	Phosphate-buffered saline



	PDT
	photodynamic therapy



	PET
	positron emission tomography



	PFTase
	protein farnesyl transferase



	PKA
	AMP-dependent protein kinase



	PKI
	protein kinase inhibitor



	PMDETA
	N,N,N′,N″,N″-pentamethyldiethylenetriamine



	PpIX
	protoporphyrin IX



	PPTS
	pyridinium p-toluenesulfonate



	PTSA
	p-toluenesulfonic acid



	PyBOP
	benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate



	qABP
	quenched activity-based probe



	Q-LDT
	quenched ligand-directed tosylate



	RGD
	Arg-Gly-Asp



	ROS
	reactive oxygen species



	RT
	room temperature



	SASRIN
	super acid sensitive resin



	SDS-PAGE
	sodium dodecylsulfate-polyacrylamide gel electrophoresis



	siRNA
	small interfering RNA



	SPAAC
	strain-promoted [3 + 2]-azide–alkyne cycloaddition



	SPECT
	single photon emission computed tomography



	SPPS
	solid-phase peptide synthesis



	TACTV
	tris-tertiary amine cyclotriveratrylene



	TAMRA
	tetramethylrhodamine



	TBAF
	tetrabutylammonium fluoride



	TBS
	tert-butyldimethylsilyl



	TBTA
	tris[(1-benzyl-1H-1,2,3-triazole-4-yl)methyl]amine



	TCEP
	tris(2-carboxyethyl)phosphine



	TES
	triethylsilyl



	TFA
	trifluoroacetic acid



	TFAA
	trifluoroacetic anhydride



	THF
	tetrahydrofuran



	THP
	2-tetrahydropyranyl



	THPTA
	tris(3-hydroxypropyltriazolylmethyl)amine



	TIPS
	triisopropylsilyl



	TIS
	triisopropylsilane



	TLR
	Toll-like receptor



	TMS
	trimethylsilyl



	Trt
	trityl



	Tz-Cy3
	6-methyl-tetrazine-sulfo-Cy3



	UDQ
	universal dark quencher



	uPA
	urokinase-like plasminogen activator



	UV
	ultraviolet
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Figure 1. Poisson distribution for m = 0.3, 1.0 and 1.5 (top panel). Scaffold S (equipped with five equal and independent reaction sites) undergoes derivatization here with mean loading of one to give a mixture of 32 species (bottom panel). 
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Figure 2. Structures of natural polysaccharide carriers and a synthetic dendrimer. 
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Figure 3. Hub molecules described herein. 
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Figure 4. All graphs treated herein. 
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Figure 5. Procedure for the composition of graphs to represent multifunctional molecules. (A) A single hub with architecture [3][1]3 and composition ABC. (B) Two hubs with architecture [4][3][1]5 and composition A3BC. (C) A single hub with a functional linker giving architecture [3][2][1]3 and composition ABCD. The synthesis step order (1–4) is given by numbers alongside the tree branches. 
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Figure 6. Representative graph [3][2]3[1]3 (one three-arm hub, three two-arm hubs, and three appendages) with functional units ABCDEF and synthesis order 1–6. 
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Figure 7. Diverse groups for water solubilization. 
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Figure 8. Solubility of the PEG unit (4b) compared with two homologous oxyalkyl polymers (left panel), and the gauche conformational preference for PEG groups (right panel). 
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Figure 9. Seven linear multifunctional molecules (no hubs) of graph [2][1]2. 
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Figure 10. Six linear multifunctional molecules (no hubs) of graphs [2]2[1]2 and [2]3[1]2. 
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Figure 11. Side reactions during peptide synthesis including (A) epimerization and (B) DKP formation. 
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Figure 12. β-Elimination of Cys-Wang resin during Fmoc deprotection (with piperidine) on SPPS. 
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Figure 13. Five examples each with a single Lys hub. 
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Figure 14. Five examples each with a single Lys hub. 
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Figure 15. Synthesis of an ABCD-peptide. 
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Figure 16. Four examples each with one Lys hub and one additional amino acid hub. 
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Figure 17. Four examples each with two lysine or lysine-based hubs. 
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Figure 18. Synthesis of β-indoxyl-glucoside. 
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Figure 19. Synthesis of a Lys hub bearing two protected glucosyl-indoxyl moieties and extension of a second Lys hub. 
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Figure 20. Completion of the synthesis of 7r, with composition A2B2CD and architecture [3]2[2]2[1]4. 
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Figure 21. Examples each with two or more Lys hubs. 
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Figure 22. Synthesis of a cyclic decapeptide. 
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Figure 23. Rational introduction of B, C, D, E units on a decapeptide scaffold. 
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Figure 24. Decapeptide scaffold with expansive scope. 
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Figure 25. Five examples each with one (non-lysine) amino acid hub. 
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Figure 26. Three examples each with one cysteine hub. 
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Figure 27. Labeling of cysteine in a cyclic peptide. Native chemical ligation is shown in the top panel. 
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Figure 28. Three examples each with one (non-lysine) amino acid hub. 
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Figure 29. Two examples each with two amino acid hubs. 
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Figure 30. Two examples each with two hubs including one amino acid. 
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Figure 31. Two examples each with several amino acid hubs. 
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Figure 32. (A) Structure of cyanuric chloride; (B) analogy of cyanuric chloride to a formal trimer of carbonyl chlorides; and (C) electronic and steric effects of the substituent X. 
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Figure 33. Relative reactivity of amines in nucleophilic substitution of triazine chlorides (A). Competitive reactions of various nucleophiles for chlorotriazines (B). 
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Figure 34. Conformational interconversion due to hindered C–N bond rotation in substituted aminotriazines. (A) Rotamers Ia and Ib; (B) the two structures shown are identical (II) yet the two X groups have distinct environments, which may be manifest in the NMR spectrum; and (C) Rotamers IIIa and IIIb; (D) four rotamers of IV; (E) tautomers IIa–c of II. 
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Figure 35. (A) Synthesis of triazine hubs bearing amino or alkoxy groups: (top) triaminotriazine, (middle) alkoxydiaminotriazine, and (bottom) dialkoxyaminotriazine; (B) amine bases employed in chlorotriazine substitution with amines and alcohols. The pKa values (in H2O) are shown in parentheses; and (C) dialkylamino substituents avoiding formation of rotamers. 






Figure 35. (A) Synthesis of triazine hubs bearing amino or alkoxy groups: (top) triaminotriazine, (middle) alkoxydiaminotriazine, and (bottom) dialkoxyaminotriazine; (B) amine bases employed in chlorotriazine substitution with amines and alcohols. The pKa values (in H2O) are shown in parentheses; and (C) dialkylamino substituents avoiding formation of rotamers.
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Figure 36. Examples wherein each contains a single triazine hub with A2B substituents. 
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Figure 37. Examples wherein each contains a single triazine hub with ABC substituents. 
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Figure 38. Three examples each containing a single triazine hub. 
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Figure 39. Examples wherein each contains at least one triazine hub. 
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Figure 40. Synthesis of a TLR triagonist connected to a fluorophore via a triazine hub. 
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Figure 41. Synthesis of a bioconjugatable compound, built around triazine hubs, that enables enzymatically triggered cross-linking chemistry. 
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Figure 42. Examples wherein each contains a single benzene hub. 
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Figure 43. A benzotrifuranone scaffold affords sequential derivatization (top) and is formed via straightforward synthesis (bottom). 
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Figure 44. Examples of single benzene hubs. 
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Figure 45. Synthesis of a triazido hub. 
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Figure 46. Synthesis of three appendages for the triazido hub. 
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Figure 47. Sequential click chemistry with the triazido hub. 
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Figure 48. A tetrafunctionalized scaffold built around two benzenes and elaborated by consecutive formation of 1,2,3-triazoles. 
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Figure 49. Examples wherein each contains one or two benzene hubs. 
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Figure 50. Synthesis of a triorthogonal scaffold comprised of a single benzene hub. 
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Figure 51. Synthesis of a bis(MTX) construct bearing a single azide. 
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Figure 52. Rational assembly of GFP, TAMRA and azido-bis(MTX) on a benzene scaffold. 
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Figure 53. Examples wherein each contains a single nitrogen hub. 
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Figure 54. Synthesis of a triple-click conjugation scaffold built around a single nitrogen hub. 






Figure 54. Synthesis of a triple-click conjugation scaffold built around a single nitrogen hub.



[image: Organics 02 00013 g054]







[image: Organics 02 00013 g055 550] 





Figure 55. Two examples each containing a single nitrogen hub. 
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Figure 56. Two examples each containing three nitrogen hubs. 
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Figure 57. Examples wherein each contains a single nitrogen hub. 
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Figure 58. Orthogonal bioconjugation reactions (A–C). Synthesis of the azanorbornadiene reagent for protein modification (D). 
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Figure 59. Examples wherein each contains a single carbon hub. 
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Figure 60. Synthesis of an alkynyl-maleimide hub. 






Figure 60. Synthesis of an alkynyl-maleimide hub.
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Figure 61. An oxazolone for multiple couplings (lower left). The ring-opening reaction of the oxazolone with a nucleophile (insert in box). Synthesis of a heteromultifunctional oxazolone scaffold (top). Reactivity of the scaffold towards aminolysis, Cu-catalyzed click reaction, and thiol-ene click reaction (bottom). 
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Figure 62. Two examples of enzymatically recognized hubs. 
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Figure 63. Synthesis of an affinity labeling probe for carbohydrate-binding proteins. 






Figure 63. Synthesis of an affinity labeling probe for carbohydrate-binding proteins.
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Figure 64. Four examples each containing a self-immolative hub. 
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Figure 65. Synthesis of a tetra-substituted scaffold. 
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Figure 66. Enzymatic activation of the qABP in this study via quinolimine methide chemistry, and possible subsequent reactions in an intracellular environment. 
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Figure 67. Synthesis of a p-aminomandelic acid building block. 






Figure 67. Synthesis of a p-aminomandelic acid building block.
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Figure 68. Synthesis of the qABP unit by Fmoc SPPS. 






Figure 68. Synthesis of the qABP unit by Fmoc SPPS.
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Figure 69. Five examples each containing a dye hub. 
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Figure 70. Statistical synthesis of a porphyrin. 
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Figure 71. Synthesis of a tri-functionalized BODIPY. 
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Figure 72. A shape-persistent macrocycle with 12 derivatizable groups. 
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Figure 73. One-flask synthesis of shape-persistent macrocycles encompassing six porphyrins. 
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Figure 74. Diverse shape-persistent macrocycles with control over metalation state and peripheral substituents. 
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Figure 75. Rational synthesis of porphyrins with four distinct meso-substituents (top panel). One-flask synthesis of dipyrromethanes (second panel). Synthesis of 1,9-diacyldipyrromethanes (third panel). Use of a 1,9-diacyldipyrromethane and a dipyrromethane to form a porphyrin bearing two ethynes, one protected ester, and one S-acetylthioether (bottom panel). 
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Table 1. Substituent effects of chlorotriazines in nucleophilic aromatic substitution.






Table 1. Substituent effects of chlorotriazines in nucleophilic aromatic substitution.



[image: Organics 02 00013 i001]





	
Entry

	
X

	
σma

	
Relative Rate Constant




	
Reaction A

	
Reaction B






	
1

	
–Cl

	
0.37

	
1.0 b

	
1.0 b




	
2

	
–OPh

	
0.25

	

	
1/52




	
3

	
–SMe

	
0.15

	

	
1/130




	
4

	
–OMe

	
0.12

	
1/150

	
1/190




	
5

	
–Ph

	
0.06

	

	
1/290




	
6

	
–NHPh

	
−0.02

	
1/2900

	




	
7

	
–N-morpholino

	

	
1/6000

	




	
8

	
–NMe2

	
−0.16

	
1/17,000

	
1/75,000








a Data from [189]. b The observed rate constant was halved to calculate the relative rate constant per one chloro group.
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