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Abstract

The application of small molecules as catalysts for the diversification of natural product scaffolds
is reviewed. Specifically, principles that relate to the selectivity challenges intrinsic to complex
molecular scaffolds are summarized. The synthesis of analogs of natural products by this approach
is then described as a quintessential “late-stage functionalization” exercise wherein natural
products serve as the lead scaffolds. Given the historical application of enzymatic catalysts to the
site-selective alteration of complex molecules, the focus of this review is on the recent studies of
non-enzymatic catalysts. Reactions involving hydroxyl group derivatization with a variety of
electrophilic reagents are discussed. C—H bond functionalizations that lead to oxidations,
aminations, and halogenations are also presented. Several examples of site-selective olefin
functionalizations and C—-C bond formations are also included. Numerous classes of natural
products have been subjected to these studies of site-selective alteration including polyketides,
glycopeptides, terpenoids, macrolides, alkaloids, carbohydrates and others. What emerges is a
platform for chemical remodeling of naturally occurring scaffolds that targets virtually all known
chemical functionalities and microenvironments. However, challenges for the design of very broad
classes of catalysts, with even broader selectivity demands (e.g., stereoselectivity, functional group
selectivity, and site-selectivity) persist. Yet, a significant spectrum of powerful, catalytic alterations
of complex natural products now exists such that expansion of scope seems inevitable. Several
instances of biological activity assays of remodeled natural product derivatives are also presented.
These reports may foreshadow further interdisciplinary impacts for catalytic remodeling of natural
products, including contributions to SAR development, mode of action studies, and eventually
medicinal chemistry.
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1. Introduction

Complex natural products continue to be a quintessential interdisciplinary nexus. Whether
through their isolation, characterization, or biosynthetic study, the exploration of natural
products as bioactive agents has led to the development of a plethora of novel therapeutic
agents. Additionally, the structural intricacy and diversity of these compounds have
stimulated the development of new synthetic strategies and reactions. As such, natural
products have inspired the development of new techniques and ideas throughout natural
science.12 As structurally complex scaffolds, these molecules have also been the
cornerstone of studies for substrate diversification. While this activity is often applications
driven—for example seeking new, more biologically effective natural product-based
medicine3—these efforts have also provided a significant test-bed for the identification of
“site-selective” catalysts.#~9 For example, many complex natural products contain multiple
occurrences of the same functional group for derivatization. Polyols (e.g., erythromycin A,
1),10 polyenes/polyols (e.g., amphotericin B, 2),11 polyamines/polyols (e.g., amino
glycoside neomycin B, 3),12 and even mostly hydrocarbon, C-H bond-rich substrates (e.g.,
longifolene, 4)13 all contain numerous reactive functional groups that can be targeted to
diversify the scaffolds for specific and selective analog generation (Figure 1A). Provided
that targeted natural products can be isolated in sufficient quantity, this technique, now often
described as “late-stage functionalization,” requires few synthetic steps to achieve the facile
and direct functionalization of structurally complex molecules. However, while functional
group repetition within complex molecules provides the opportunity to synthesize diverse
derivatives, the question arises as to whether a comprehensive panel of catalysts can be
discovered that selectively functionalize each functional group on a target molecule. For
example, it would be desirable if five catalysts could be discovered that afford each of the
potential monoesters derived from 1 (Figure 1B).

Intrinsic to this challenge of catalytic derivatization of complex, naturally occurring
molecules are numerous questions of stereoselectivity. In particular, as one targets
stereochemically complex local environments, issues of diastereoselectivity and
regioselectivity are pervasive in realizing the selective, catalytic functionalizations of
intricate scaffolds. Inherent to these challenges is the reordering of the reactivity hierarchies
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of individual occurrences of the same or related functional groups in the natural product
substrates.* These issues amount to the multiplexing of the selectivity challenges that are
encountered in the field of enantioselective catalysis. In the case of enantioselective
catalysis, for example the desymmetrization shown in Figure 2A, the competing pathways to
each enantiomer have the same energy of activation in the absence of a catalyst. Hence, a
selective chiral catalyst that can preferentially reduce the energy of one activation barrier
will subsequently result in the preferential formation of one enantiomer, with the magnitude
of the AAG* (1) dictating the degree of selectivity (Figure 2A, blue versus green pathway).
However, in a more complex setting, the targeted functional groups will have different
inherent reactivities. Hence, distinct energy profiles exist that yield various products in
oftentimes unequal proportions (Figure 2B, red versus blue pathways). This may not be
problematic if the lower energy, red pathway is desired. However, functionalizations of
higher energy pathways, such as shown in blue, become substantially more difficult to favor.
In these cases, depending on the initial differences in the activation barriers of competing
pathways (AAG* (2)), the catalyst-controlled, selective lowering of the AG* associated with
one product by an increment of AAG* commonly associated with high enantioselectivity
(e.g., 2.7 kcal/mol, 95:5 er, at 298 K) may not result in high observed selectivities, since this
energy difference may only account for the intrinsic differences in reactivity at competing
sites, blue versus green pathways, AAG* (3)). As seen in Figure 2B, even if a catalyst
reduced the activation barrier of the inherent pathway to product B (AG*,, blue) to half its
original value (AG*3, green), AG¥3 is still similar in energy to AG¥; (red), resulting in an
observed selectivity close to 1:1. Significantly larger AAG* increments are thus required to
dramatically overturn intrinsic selectivity (Figure 2B, blue versus purple pathways AAG¥
(4)). And then, of course, when there are multiple competing pathways, the management of
even more AAG* increments is required, as the number of products that may be formed
increases (Figure 2C). Consequently, the selective minimization of one reaction pathway can
become exponentially more complicated as products of multiple functionalization accrue
(Figure 2D).

Despite these challenges, the last decade has witnessed a series of advances. First, numerous
early reports use enzymes to synthesize analogs of complex molecules,* and many
impressive examples can be enumerated.15 In addition to enzyme-catalyzed solutions to late-
stage modification, the application of non-enzymatic catalysts to natural products, while
more nascent in development, has shown promise. Standing on the shoulders of four decades
of remarkable progress in stereoselective catalysis of all types (enantioselective,
diastereoselective, etc.),16:17 investigators increasingly have begun to apply non-enzymatic
catalysts to natural product diversification.#=2 While it is fair to say that there are virtually
no reports of a comprehensive set of “n” catalysts available for the selective derivatization of
a reasonably complex molecule with “n” copies of the same functional group (i.e. 5 distinct
catalysts for the derivatization of the 5 alcohols of Erythromycin, Figure 1B), there are now
many precedents to build upon. This Reviewwill endeavor to describe these advances.
Included in our discussion are cases in which non-enzymatic catalysts have been applied to
natural products above a certain arbitrarily defined threshold of complexity. Derivatizations
of naturally occurring compounds such as glycerol, or other simple carbohydrates, are not
included. As a note, in many cases we have included natural product substrates that have
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been converted to a minimally protected form. Additionally, for the most part, we focus on
cases in which (a) non-enzymatic catalysts achieve divergent reactivity allowing more than
one derivative to be synthesized selectively via catalyst control, (b) catalyst control
influences the intrinsic reactivity of the substrate relative to a well-defined set of control
reactions, and (c) the additives employed exhibit either bona fide catalytic turnover or at
least appear to be unchanged by the reaction that alters the natural product substrate. That is,
reagent-based derivatizations of natural products are not the emphasis of this Review,
although some examples are included to highlight complementary approaches to access
analogues distinct from catalyzed variants, in addition to addressing issues of inherent
reactivity prevalent in the realm of site-selective catalysis.

What emerges is a foundation for the study of next-generation catalysts that manage
complicated stereochemical and regiochemical problems in parallel. In some respects, this
frontier is the manifestation of the “competition” experiment2® within a unimolecular
substrate setting. As an intersection among synthetic chemistry, physical organic chemistry,
inorganic and organometallic chemistry, and of course medicinal chemistry, natural products
seem likely to retain their central place in molecular science for the foreseeable future.

This Review starts with a summary of catalyst-controlled group transfers to hydroxyl
groups, one of the oft-studied fields in the realm of site-selective catalysis. A summary of
selective C-H oxidations follows. While serving as an effective method for the
diversification of natural products, only recently have catalyst-controlled C—H oxidations
emerged to supplement the large breadth of substrate-controlled protocols. In a similar vein,
the following section, the halogenation of natural products, is a field of growing interest and
sophistication. Finally, a variety of other impressive, selective C-O, C-N, and C-C bond
formations on natural products are reviewed here.

2. Group Transfer to Hydroxyl Groups

Alcohols are one of the most prevalent functional groups in natural products, and the
propensity of these groups to react has been well studied since the inception of the field of
organic synthesis.19:20 However, with their prevalence comes the challenge of discriminating
between subtle differences in the reactivity of similar alcohols. One classical strategy to
access analogs of polyols that are functionalized at a single alcohol is to use protecting
groups, such that the most reactive alcohols can be masked and less reactive alcohols can be
subsequently functionalized.21:22 While effective, this approach is often inefficient due to
the amount of steps, time, and resources required to accomplish a selective transformation.23
It would be desirable if catalysts or reagents were developed that could distinguish between
these extremely similar groups, thereby overturning the inherent reactivity of the native
alcohols. Catalysts of this nature would enable the facile synthesis of biologically or
pharmaceutically relevant natural product derivatives aimed at understanding the
compounds’ mechanisms of action or heightening their activity.3 Of course, the total
synthesis of numerous analogs is another approach, but can often become inefficient or
costly given the natural products’ size and complexity. Nonetheless, landmark total
syntheses of analog libraries have been reported.24 Catalytic site-selective modification of
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readily available natural products is a promising and complementary route to develop novel
derivatives.

2.1. Enzyme-Catalyzed Group Transfer Reactions

Discussed only briefly here, protein kinases provide a quintessential and inspirational
example of site-selective catalysis that can be found in nature.25-31 This ubiquitous class of
enzymes acts as a pivotal regulator of cellular function, including but not limited to
metabolism, cell division, and immune response.32 Kinases function by selectively
phosphorylating alcohols (or other nucleophilic functional groups) within proteins, altering
the proteins’ conformations and functions (Figure 3). With over 500 protein kinase genes
identified in humans, kinases account for the fifth largest human gene family and the second
largest class of human enzymes.28:29 |t is truly remarkable, given the sheer number of
proteins, carbohydrates, and small molecules that contain alcohols in a cell, combined with
the number of alcohols on a singular substrate, that protein kinases are capable of reacting
selectively at a single alcohol of a single protein.

The power of enzymes, not only in their impeccable selectivity, but also in their high
turnover rate, has attracted many chemists to utilize enzymes in organic synthesis.14:15:33-35
However, this topic is beyond the focus of this Review.

2.2. Development of Peptides as Site-Selective Group Transfer Catalysts

The site-selective modification of polyols may be among the best-developed examples of
non-enzymatic, catalytic modification of natural products. In one example, our laboratory
explored an approach to the kinetic resolution of simple alcohols based on the incorporation
of imidazole-containing r-methylhistidine (Pmh) residues into short peptides. One
advantage of peptide catalysis lies in the ability to easily alter the peptide sequence
appended to the reactive residue (Pmh in this case), thus potentially fine-tuning the catalysts’
selectivities toward various alcohols. The modularity of peptides is akin to nature’s ability to
adjust the reactivity of a conserved catalytic residue through varying enzymes’ secondary
and tertiary structures.36-38 Upon identifying a suitable peptide chain to append to the Pmh
residue, the resulting catalytic peptide proved effective for selective acylation through a
mechanism that likely involves the imidazole moiety as a nucleophilic or Lewis basic group
in the catalytic mechanism (Figure 4A).39-42 The functionality of the peptide backbone has
also been proposed to engage in favorable secondary interactions with the substrate, such as
with an acetamide ((£)-5) to direct acyl transfer to particular hydroxyls (Figure 4B). The
peptide sequence of 7 was chosen in large part due to its known bias towards adopting 8-
turns.#3-4% As shown in Figure 4B, this C=0;to NH .z intramolecular hydrogen bond (H-
bond) can stabilize the secondary structure of the peptide and provide a relatively consistent
structure for catalysis.*® This approach was also explored in reactions analogous to those
catalyzed by kinases, culminating in the realization of peptide-catalyzed desymmetrizations
of inositol derivatives (Figure 4C).47-51 Here, two distinct peptide scaffolds are utilized to
access different phosphorylated derivatives of 8. These early reports of peptide-based
nucleophilic catalysis helped establish a basis for the application of these concepts to the
more complex substrates that are described below. In a related study, we showed that this
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class of catalysts could also be applied to the regioselective acylation of certain
carbohydrates.52

2.2.1. Site-Selective Alcohol Derivatization of Erythromycin—One biologically
relevant compound that is rich in alcohol groups is erythromycin A (13), which was first
discovered and marketed by Eli Lilly as an antibiotic in the 1950s.1953 However, given the
widespread epidemic of drug-resistance, especially toward macrolide compounds such as
erythromycin, novel compounds that can combat super bacteria are required.>4:55 As such,
numerous total syntheses have been reported for erythromycin and relevant
derivatives.24:56-64 While these approaches allow for the derivatization of erythromycin’s
structure at various stages, the syntheses of these macrolides can be challenging given their
stereochemical complexity. The direct site-selective modification of erythromycin is hence
particularly attractive, as the ability to target various locations on 13 would allow for the
facile and expedient synthesis of numerous derivatives for structure—activity relationship
(SAR) studies.

To approach the synthesis of novel derivatives of erythromycin A (13) by site-selective
catalysis, our group first examined the inherent reactivity of 13 towards acylation (Figure
5).65 Using either a catalytic amount of A-methylimidazole (NMI) or using pyridine as a
solvent, acetylation of the C2'—OH was observed to yield 14. Indeed, even without any
added catalyst, reaction is observed at this position. After C2’~OH functionalization, C4” -
OH is the next to react, as observed when adding 2.0 equivalents of acetic anhydride (Ac,0)
to yield 15. It should be noted that the C2’-OAc is cleaved upon quenching the reaction
with methanol. The inherent selectivity of 13 to undergo acylation on the appended
glycoside alcohols, as opposed to on the hydroxyl groups present in the macrocycle, invites
the challenge of reversing the intrinsic site-selectivity with catalysis.

To target the functionalization of various positions, 137 peptide sequences were evaluated in
an effort to find a different selectivity pattern from that of the achiral reagents. While C2'-
OH was the most reactive alcohol towards acylation, the resulting acetyl group at this
position could be cleaved by addition of meth-anol after completion of the reaction. Hence,
by upon adding 2 equivalents of Ac,0, the selectivity of the second acylation event could be
probed by catalyst screening. After acylation of C2’~OH, while most of the catalysts
screened resulted in acylation of the C4”—OH, peptides like 17 that are biased to adopt 5
turns*3-46 revealed a new product, the C11-acylated adduct 16 (after cleavage with
methanol). This reversal in selectivity is an intriguing result, especially given that the C11-
OH is flanked by two vicinal g-methyl groups (Figure 5).

When reactions of 13 were carried out with different acid anhydrides, selectivities as high as
10:1 for the acylation of C11 (19) over C4” (18) were recorded (Figure 6A). Note that no
MeOH was added in these cases, leaving the C2’—OAc intact. Notably, upon acylation of the
C-11 hydroxyl group, the structure underwent spontaneous hemiketalization.®8 Intriguingly,
higher selectivities were observed with the enantiomer of peptide 17 (ent-17).67 Here, the
inherent chirality of substrate 13 plays an important role, as en#17 must be more matched to
interact with 13 in a manner that more productively leads to selective product formation, as
opposed to 17. Additionally, upon treatment of diacylated product 19 with phosphorylating
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agent 20, the C4”-OH was functionalized (Figure 6B). Hence, by utilizing a combination of
achiral reagents and specific and powerful small peptide catalysts, derivatives that are
functionalized at three different positions of 13 can be accessed. Furthermore, the modest
number of peptides that were screened in order to identify these selective peptides speaks to
the tunability of peptide-based catalysts. Larger libraries of catalysts either rationally
designed or randomly assigned sequences, could presumably be synthesized and
combinatorially screened to target the functionalization of other positions on natural
products.

Site-selective group transfers to hydroxyl groups are not only relevant for the synthesis of
functionalized alcohols, but also for their deoxygenation. The removal of specific hydroxyl
groups from 13 would allow for biological studies on the importance of the OH functionality
at those particular positions.58-74 Toward this end, exchange of the simple acylating agents
above for either a phosphoramidite’® or thiocar-bonylating agent’-7° can set up radical-
mediated cleavage of its corresponding derivatives (Figure 7).89 Reaction conditions
modeled after those of Koreeda were developed for phosphoramidite transfer in the absence
of either hydrolysis or oxidation of the resulting P(I11) species.”® Then, tetrazole-based
catalysts were discovered that were compatible with and effective for delivering
phosphoramidite 22 to certain alcohols of 14 (protected at the most reactive C2-OH
position). As shown in Figure 7A, when C2’-acetylated erythromycin 14 is treated with 22
and phenyl tetrazole as a catalyst, clean phosphitylation at the C4”—OH is observed to yield
23. Upon addition of BuzSnH and AIBN, the phosphite is easily cleaved to yield C4” -
deoxygenated 24 in 83% vyield.

When applying this system, however, toward fully unprotected erythromycin A (13), it was
found that simple catalyst 5-phenyltetrazole yielded a complex mixture of various
phophitylated compounds (Figure 7B). While one of the major products, upon radical
cleavage, was C4”-deoxygenated 25, the overall reaction occurred with low yield. However,
tetrazole-embedded, SB-turn biased peptide 26 catalyzed the efficient formation of 25 as the
only appreciable product in 50-60% yield. This selectivity is striking, especially when
considering the previously reported results of the heightened reactivity of the C2'—OH when
compared to C4”—OH under acylation conditions (see Figure 6). This reversal of selectivity
is dictated through catalyst control, governed by secondary interactions between the catalyst
and substrate that favor derivatization of a less reactive alcohol of 13. The C2'-
deoxygenated product can also be accessed under different conditions, as NMI-catalyzed
thiocarbonylation yields 28 as the major product. Here, 1,2,2,6,6-pentamethylpiperidine
(PEMP) is utilized as a base in tandem with the NMI catalyst.”® Upon radical cleavage of
the C2'-OH, deoxygenated 29 is obtained. The selectivity of the NMI-catalyzed process
reveals the inherent reactivity of the C2” position on 13, which is overturned when a small
peptide catalyst is used. This demonstrates the remarkable ability of these small molecules
to reverse substrate bias and favor functionalization of less reactive functional groups on
natural products.

2.2.2. Site-Selective Acylation of Apoptolidin—The success of minimal-peptide-
based catalysts in the site-selective acylation of erythromycin A led to the examination of
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whether this approach could be translated to other natural products, such as apoptolidin (30).
This recently discovered natural product, isolated in 1997, was found to induce apoptosis in
E1A-transformed cells.81-86 Inspired by this selective cytotoxicity, a collaboration between
the Wender laboratory and ours set out to prepare unknown, site-selectively modified
derivatives.8” Previous efforts by the Wender group to derivatize the alcohols native to 30
relied on the inherent reactivity of the substrate.8® As such, catalyst control was sought to
achieve reactions at the intrinsically less reactive hydroxyl groups of 30 (Figure 8).

One of the most important considerations in pursuing this project was the quantity of
apoptolidin available. Hence, screens were performed on quite small scale, employing only
20 pg of 30. The identification of highly selective reactions that favored predominantly one
acylation product was thus a priority to facilitate structure identification. Specifically,
targeting the functionalization of the C2” alcohol was of interest, as derivatives modified at
this position had yet to be isolated. When using 4-(dimethylamino)pyridine (DMAP) as a
catalyst with Ac,0 as the acylating reagent, the formation of two products, 31 and 32, were
observed (Figure 8A). Following this observation, ~150 peptide sequences were screened,
and peptide ent-17 was revealed to be a C2’-selective catalyst, resulting in preferential
formation of 32. The reaction was then scaled up modestly to performance on 7.1 mg of 30.
The identification of peptide 17 for the site-selective acylation of both erythromycin A (13,
see Figure 5-6) and peptide ent-17 for apoptolidin (30) is of note for their applicability to
two classes of presumably unrelated substrates.

Upon reacting 30 with a large excess of acylating agent, a complex mixture of products
formed, from which two were isolated: triacylated 33 and 34. After isolation of sufficient
material of products, these derivatives were screened against H292 human lung carcinoma
cells. It was revealed that these mono-, di-, and triacylated compounds did not significantly
perturb the cytotoxicity of this archetypal compound, and 30 remained the most active
against the cancer cells.

2.2.3. Site-Selective Alcohol Derivatization of Vancomycin and Teicoplanin—
Vancomycin (35) has also been studied as a template for peptide-catalyzed diversification.
Reported by Eli Lilly in 1953, vancomycin is a heptapeptide with numerous oxidative cross-
linkages and appended sugars.88:89 \iancomycin is renowned for its activity against gram-
positive bacteria. It is now known to act through inhibition of bacterial cell wall
biosynthesis, specifically targeting the formation of peptide cross-links between
polysaccharide chains of the cell walls. The pendant peptide chains on these polysaccharide
units contain terminal 2Ala-LAla residues, which are recognized by a transglycosylase
enzyme. The enzyme then cleaves the final ZAla residue and couples two polysaccharide-
attached peptides together. By forming five H-bonds to the terminal PAla-CAla residues of
these peptide components of the developing bacterial cell wall, vancomycin prevents the
completion of the cell wall, resulting in the lysing of the attacked bacterial cells.88:89
However, bacteria are evolving to resist this mechanism of action via mutation of

this PAla-CAla terminus.%9-92 This bacterial resistance is particularly dangerous for humans,
as vancomycin has served as one of the “antibiotics of last resort.” Such pharmaceuticals are
reserved for the most dangerous and persistent bacterial infections; the drugs’ efficacy,
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however, has diminished due to resistance from numerous strains of bacteria. Hence, the
synthesis of novel derivatives of 35 that are able to combat antibiotic resistance is
essential . 91.93-96

In order to combat this serious resistance to vancomycin, many scientists have turned to total
synthesis, 98 semi-synthesis, 99-106 hiosynthetic engineering, 107108 and enzymatic
derivatization199-111 to access novel derivatives. An alternative approach to analog
development is through the use of catalyst-controlled, site-selective, late-stage modification.
Starting with easily accessible vancomycin would minimize the amount of synthesis
necessary to access this complicated structure, enabling the facile and expedient
development of countless derivatives for biological screening. However, targeting one motif
on this functional group-rich natural product is incredibly challenging.

Our group set out to apply our peptide-based catalysts toward the synthesis of novel
vancomycin derivatives. First, we started with the goal of selectively deoxygenating each of
the six aliphatic alcohols of 35 (Figure 9).112 After protecting the secondary amine, the
phenols, and the carboxylic acid to yield 36, we attempted to incorporate O-phenyl
chlorothionoformate (37, PCTF) selectively into 36. Radical cleavage could then be
performed, mediated by Bn3sSnH and azobisisobutyronitrile (AIBN). Starting with NMI as a
catalyst, moderate selectivity towards the Zg—OH (40) was observed, with a minor amount of
Gg—OH acylated product (39) forming as well (Figure 9A, entry 2). The reactivity of Zg—OH
was somewhat unexpected due to the apparent steric accessibility of the Gg—OH primary
alcohol. When comparing Zg—OH to Z,—OH, the former is oriented towards the convex face
of 36, while the latter is oriented in the concave binding pocket, making it less likely to react
(Figure 10).

After assessing the inherent reactivity of the substrate, our group explored two approaches to
developing short peptides to perturb the biased reactivity of vancomycin: (1) combinatorial
screening of Pmh-containing libraries and (2) designing peptides that mimic the ZAla-PAla
motif of vancomycin’s biological binding target.

Evaluation of random peptides revealed two peptides in particular, 11 and ent-12, which
were found to alter the innate selectivity profiles of 36. As a note, peptides 11 and 12 have
been of previous interest to our group, given their induced selectivities in the
phosphorylative desymmetrization of inositol (Figure 4C).#8 Catalyst 11 reversed the
inherent reactivity, favoring reaction at Gg—OH (Figure 9A, entry 3); alternatively, peptide
ent-12, reacted at Zg—OH over Gg—OH with a 1:9 ratio (Figure 9A, entry 4). Peptide ent41,
in which the fert-butylhydroxyproline motif is deleted, showed similar reactivity to peptide
ent-12, albeit with lower selectivity (Figure 9A, entry 5). The mode of action of these
peptides is not currently known. One hypothesis involves a specific hydrogen-bonding
network that might orient the reactive catalytic residue adjacent to the Gg or Zg alcohols or
block the dormant site from reacting.

Our efforts toward the rational design of a peptide-based catalyst were inspired by the well-
known mechanism of action of vancomycin via binding the terminus of gram-positive
bacterial peptidoglycan. This strong host-guest interaction is demonstrated by the crystal
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structure of the peptidoglycan mimic, Ac-Lys(Ac)-CAla-PAla-0~, and 35 (Figure
10A).112-114 We hypothesized that various alcohols of 36 could be targeted by strategically
inserting Pmh-residues into peptides of this class. The crystal structure of Figure 10A served
as a model for peptide design. Given the strong hydrogen bonding affinities of vancomycin
to the PAla-PAla motif, it seems likely that the catalytically active imidazole ring is
predictably and specifically positioned upon catalyst binding to 36. Thus, placing a Pmh-
residue at the terminal position could potentially orient the reactive imidazole adjacent to
Gg—-OH (Figure 10B). As such, peptides 42—44 were synthesized, in which the second ZAla
residue of this sequence was replaced with Pmh. While peptides 42 and 43, which each
contain a protected C-terminus, resulted in minimal selectivity, free carboxylate-containing
peptide 44 resulted in an excellent 47:1 selectivity for Gg—OH (Figure 9A, entries 6-8).
Even when lowering the catalytic loading from 100 mol% to 20 mol%, 27:1 selectivity is
still retained (Figure 9A, entry 9). It is plausible that the free carboxylate at the C-terminus
makes an essential H-bond(s) in order for it to be incorporated into the native binding pocket
of vancomycin, as shown in Figure 10.

Indeed, the selectivities of ent-41 and 44 for the Zg and Gg alcohols, respectively, enabled
scale-up to 500 mg of 36, and while the selectivities were similar on both of these scales for
catalyst 44, peptide ent-41 delivered 40 in a substantially higher ratio of 1:21 (Figure 9A,
entries 10-11). At this scale, the deoxygenation using BuzSnH and AIBN proceeded well
and afforded vancomycin derivatives 44 and 45 (Figure 9B).

Following global deprotection to give 46 and 47, biological screening was conducted to
compare their activities against resistant bacterial strains. The deletion of Gg—OH (46) did
not significantly affect the biological activity. However, removal of Zg—OH resulted in
substantial erosion of pharmacological activity against bacterial strains. An HPLC and
LC/MS analysis of 47 revealed two peaks, indicating that 47 was actually a mixture of two
interconverting conformations at room temperature. This dependence of vanco-mycin’s
activity on the Zg—OH could be ascribed to maintaining a particular conformation of
vancomycin’s binding pocket essential for its binding to the bacteria’s 2Ala-2Ala motif.

Although the novel analogues exhibited diminished biological activities, we were heartened
by the success of peptide-catalysts in the site-selective modification of complex molecules.
Hence, our group turned its attention towards teicoplanin (50), a naturally occurring
antibiotic similar to vancomycin.115-120 Tejcoplanin contains three distinct sugar motifs
appended to various locations on the molecule, as well as an additional macrocycle defined
by a diaryl ether moiety. Teicoplanin is more active against some bacterial strains, such as
VanB, against which vancomycin has lost its efficacy. Hence, methods for diversifying this
compound are essential to outcompete bacterial resistance. As such, we set out to selectively
phosphorylate the hydroxyl groups of protected teicoplanin 50 (Figure 11).121 As a note,
commercially available 49 contains a mixture of decanoylglucoasamine sugars appended to
the backbone of teicoplanin (Figure 11A, red sugar), specifically in the variation of the
length of the alkyl chains. Teicoplanin A-2 (49) was purified from this mixture and used in
this study.
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Structurally, an essential distinction between 49 and vancomycin (35) is the presence of
three primary hydroxyl groups on each of the three sugars. It was probable that these three
positions would be the most reactive alcohols in the molecule. Furthermore, the Zg alcohol
of vancomycin (Figure 9), which was preferentially functionalized by peptide ent41, is now
capped with a glycoside.

Upon treatment of 50, a minimally protected variant of 49, with phosphorylating agent
diphenyl chlorophosphate (51, DCPC) and NMI as an additive, compounds 52-54 are the
three primary products observed, with a slight preference for phosphorylation of the red and
blue sugars (Figure 11A, entry 2). In comparing the structures of vancomycin to teicoplanin,
the most conserved reactive alcohol is the Gg—OH, the primary alcohol on the red sugar. This
position was previously targeted by “Xaa-2Ala-ZPmh” catalyst 44, which mimics the native
binding target of vancomycin and teicoplanin. Subjecting 50 to the standard reaction
conditions in the presence of peptide 44 reveals a preference for reactivity at the red sugar to
yield 52, highlighting the power of mimicking stro