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Bioactive natural products and derivatives remain an enduring starting point for the discovery of new
cellular targets for disease intervention and lead compounds for the development of new therapeutic
agents. The former goal is accomplished through the synthesis of bioactive cellular probes from natural
products, enabling insights into the mechanism of action of these natural products by classical affinity
chromatography or more recent proteome profiling methods. However, the direct and selective
modification of native natural products for these purposes remains a challenge due to the structural
complexity and the wide functional group diversity found in these natural substances. The lack of
selective synthetic methods available to directly manipulate unprotected complex small molecules, in
particular to perform structure—activity relationship studies and prepare appropriate cellular probes, has
recently begun to be addressed, benefitting from the broader emerging area of chemoselective
synthetic methodology. Thus, new reagents, catalysts and reaction processes are enabling both chemo-
and site-selective modifications of complex, native natural products. In this review, we describe selected
recent examples of these functionalization strategies in this emerging area.
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1 Introduction

“By the river on its bank...will grow all kinds of trees...and their
fruit will be for food, and their leaves for healing.”

Ezekiel 47:12 (NASB, 6" century B.C.)

Throughout history, natural products and derivatives have
been one of the most productive sources of small molecules for
the treatment of human ailments, for probe synthesis enabling
the study of biological processes, and for discovery of leads for

. s . . .
Department of Chemistry, Texas A&M University, College Station, Texas 77842-3012, drug discovery."” These ‘privileged structures’ display high

USA. E-mail: romo@tamu.edu

structural diversity,* cell permeability and specificity in
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interactions with their cellular targets,” having been optimized
to their cellular targets through >3 billion years of microevolu-
tionary pressure in the case of natural products with bacterial
origins. Importantly, the homology between cellular proteins
found in niche-competing bacteria, and other natural product-
producing higher organisms, and the protein targets important
for human disease intervention is fortuitously sufficient to
enable high intrinsic value to natural products for drug
discovery. In this post-genomic era, it is estimated that only 500
of about 3000-10 000 potential therapeutic targets have been
exploited,® offering tremendous opportunities for the discovery
of new cellular targets for disease intervention and the devel-
opment of new therapeutic compounds.” However, to fully
exploit the potential of natural products, chemical modifica-
tions are often required in order to tailor their physicochemical
properties, generate derivatives for structure-activity relation-
ship (SAR) studies, and enable synthesis of molecular probes
through conjugation of reporter tags (i.e. fluorophores, biotin)
which retain bioactivity. While total, semi-, or diverted total
synthesis'*** of natural products provides access to analogues
and probes for cellular studies, especially those not readily
available from the natural product itself,">"* the development of
scaleable, efficient syntheses of natural products is often
a labor, cost, and time intensive endeavor that becomes more
readily justified once a promising bioactivity for a natural
product has been established. However, an alternative strategy
involving direct and selective modification of native natural
products remains a challenge due to the structural complexity,
often limited availability, and wide functional group diversity
found in these natural substances. Recognizing these oppor-
tunities, chemists have begun to develop creative approaches
for the direct, microscale, functionalization of complex natural
products in a chemo- and site-selective manner. Accordingly,

Omar Robles received his B.S. in
chemistry from the University of
Guanagjuato, Mexico. He then
moved to Emory University and
earned his PhD under the
mentorship of Prof. Frank E.
McDonald where he focused his
research on the synthesis of
polyketide natural products. He
joined the research group of
Prof. Daniel Romo at Texas A&M
University as a Postdoctoral
Fellow and worked on the selec-
tive derivatization of natural products for SAR studies and
molecular probes synthesis. He is currently a Research Associate in
the Natural Products LINCHPIN Laboratory at Texas A&M
University.
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new reagents, catalysts and reaction processes are being applied
to enable both chemo- and site-selective modifications of native
natural products to capitalize on the inherent reactivity of
functional groups or to override this reactivity by the judicious
choice of reagents and reaction conditions. The interest in
performing chemo- and site-selective reactions with native
natural products coincides with an emerging area in synthetic
methodology, namely chemoselectivity inspired by a desire to
improve efficiency by minimizing the use of protecting groups
and relying on the inherent reactivity of functional groups in
complex molecules led recently by Baran and coworkers.>™**
Indeed, much basic information regarding chemo- and site-
selectivity is being gathered through the described studies
with native natural products that can be applied in other
settings, including total synthesis endeavors.

Recently developed chemo- and site-selective methodologies
for natural products are being utilized for SAR studies and the
rapid synthesis of novel natural product-derived tools for the
study of basic cellular processes, providing insights into their
mechanism of action at the molecular level. In this review, we
describe recently developed chemo- and site-selective
approaches for the direct functionalization of complex bioac-
tive natural products, which are propelling the study of these
information rich small molecules for basic discoveries in cell
biology, enabling full exploitation of their potential for drug
discovery, and contributing to a greater understanding of the
inherent reactivity of functional groups in complex settings.

Daniel Romo received his B.A. in
chemistry/biology from Texas
A&M University and a Ph.D. in
Chemistry from Colorado State
University as a NSF Minority
Graduate Fellow wunder the
tutelage of the late Prof. Albert L.
Meyers. Following postdoctoral
studies at Harvard as an Amer-
ican Cancer Society Fellow with
Prof. Stuart L. Schreiber, he
began his independent career at
Texas A&M in 1993 and is
currently Professor of Chemistry and Director of the Natural
Products LINCHPIN Laboratory. Research interests in the Romo
Group are at the interface of chemistry and biology focused on total
synthesis, biosynthesis, and cellular mechanism of action studies
of bioactive natural products, the asymmetric synthesis and
application of (-lactones as intermediates for organic synthesis,
cellular probes, and drug candidates, and synthetic methodology
focused on new organocascade processes.
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2 Systematic chemo- and site-
selective derivatizations of natural
products

2.1 Site-selective acylations of alcohol-containing natural
products

Alcohols are the most common functional group found in
natural products,* and these metabolites display a vast array of
pharmacologically important activities, including immuno-
suppressive, anticancer, antibiotic, antifungal, and antipara-
sitic.> The prevalence of hydroxyl groups in natural products,
likely present to improve water solubility, offer many sites for
functionalization and subsequent attachment of reporter tags.
However, the direct, site-selective derivatization of polyol
natural products is challenging given that differentiation must
typically rely on steric differences, and electronic differences
between two secondary alcohols, for example, are subtle. To
tackle this problem, new reagents, catalysts and reaction
processes are being developed to achieve chemo- and site-
selectivity in this context.

In 2006, an elegant early example of achieving chemo- and
site-selectivity with complex natural products was described by
Miller and co-workers, wherein a series of small peptides
identified through library screening,**** were discovered to
alter site selectivity during acylations of the macrolide antibiotic
erythromycin A 1 (Scheme 1A).>* Peptide catalyst 4 enabled
alteration of the intrinsic preference of the substrate towards
acylation since the most reactive site was determined to be the
C2’-alcohol upon acylation with an achiral promoter (i.e. 1.0
equiv Ac,0, N-methylimidazole). Employing catalyst 4 (2.0 equiv
Ac,0) bearing a N-methyl histidine residue led to differential
acylation of alcohols C11:C4"” in a 4 :1 ratio, in addition to
complete acylation of the most reactive C2’-alcohol. Following
methanolysis of the reactive C2’ acetate, this enabled access to
the C11 monoacetate 2 not readily accessible by other means.
This initial report demonstrated the potential of altering site
selectivity using peptide catalysts and was subsequently applied
to other alcohol-containing natural products, including apop-
tolidin (vide infra).>*

In a different approach, Burke and co-workers developed
a site-selective acylation of polyols by tuning the electronic
nature of the acylating reagents and thus converting a mini-
mally selective reaction when acetyl chloride is used, into
a highly site-selective process when p-dimethylaminobenzoyl
chloride was employed (Scheme 1B).>* Their hypothesis for this
site selectivity was based on Hammond’s postulate which
suggests that less reactive reagents should provide the best site
selectivity, since the reactions proceed through more “product-
like” transition states. They applied the optimized reaction
conditions to the site-selective acylation of amphotericin B,
providing the C2' acetylated derivative 6 (R = p-dimethylami-
nobenzoyl), which after subsequent global silylation of the
remaining alcohols, deacetylation at the C2’-alcohol, conjuga-
tion to ergosterol and finally global desilylation, delivered an
amphotericin-ergosterol conjugate. In addition, this strategy

This journal is © The Royal Society of Chemistry 2014
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enabled deoxygenation and stereochemical inversion at the C2'-
alcohol.

In 2012, Herrmann and co-workers employed small oligo-
nucleotides as non-covalent, aptameric protecting groups for
the site-selective acylation of the polyaminoglycoside antibiotic
neomycin B. In this strategy, they took advantage of the
inherent affinity of neomycin B to RNA aptamers to enable
chemo- and site-selective monoacylation at either one or two of
the six potentially reactive amines, including two primary
amines.>®

2.2 Simultaneous arming/SAR studies via Rh-catalyzed O-H
insertions of alcohol-containing natural products

The Romo group has reported several approaches toward
developing a ‘toolbox’ of synthetic strategies for the microscale
derivatization of native natural products to enable simulta-
neous SAR studies and ‘arming’. The latter is achieved through
simultaneous attachment of functional handles during the
derivatization process, such as alkynes, for subsequent Sharp-
less-Hiiisgen cycloaddition to prepare cellular probes once
a tolerable site for modification has been identified. In the first
report of this strategy in 2007, Romo and co-workers developed
novel alkynyl diazo esters 7 for mild, direct, and tunable func-
tionalization of alcohol containing compounds (Scheme 2).*
The strategy enables a two-step synthesis of natural product
cellular probes through chemo- and site-selective Rh-catalyzed
O-H insertions with alkynyl diazo esters followed by a Sharp-
less—-Hiiisgen cycloaddition, with various reporter tags employ-
ing the pendant alkyne installed during the derivatization step.
In their initial report, they demonstrated the ability of the
alkynyl diazo ester 7a to selectively functionalize several
complex natural products under mild neutral conditions,
including FK506, taxol and brefeldin A with serviceable yields
and chemo- and site-selectivities. It should be noted that
mixtures of diastereomers are obtained ranging from 1:1 to
12 : 1 during O-H insertion dependent on substrate. However,
given that initial derivatizations are meant to establish gross
structure-activity relationships, these mixtures can initially be
assayed to determine if the particular site generally tolerates
modification. It should be noted that generally speaking, an
initial lack of site and even stereoselectivity can be desirable
given that one cannot often predict which derivative will retain
bioactivity. Subsequent conjugation to reporter tags for the
synthesis of cellular probes was also demonstrated (vide infra).
However, not surprisingly, N-H bonds also participate in these
insertion reactions. Thus, for compounds that contain multiple
alcohols and amines, the following order of reactivity was
reported based on examples studied: 1° ROH = 2° alkyl NH > 2°
alkyl OH > 2° allylic OH = aryl NH > phenolic OH > 3° alkyl OH >
indole NH. Furthermore, as anticipated, the use of various
rhodium catalysts altered site-selectivity with gibberelic acid
methyl ester, however, surprisingly even various achiral ligands
led to differential site selectivity presumably due to the differ-
ential topology and reactivity of the derived Rh-
metallocarbenoids. In a subsequent report, the same group
introduced alkynyl diazo ester 7b that features a smaller steric
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A. Site-Selective Acylation of Erythromycin A
3rd Most Reactive
11-OH O

Most Reactive
2'-OH

(e} (e}
NMe, Me)LO)LMe M

HO 2 equiv, Me
e A .

(i) Catalyst 4 (5 mol%)

(ii) MeOH quench

Review

2 NM62
HO

(0] Me
OMe

Me

OH
(o)

Me 4

1, erythromycin A Me )4
2, C11-Monoacetate (Hemiketal Tautomer) 3, C4"-Monoacetate
2nd Most Reactive Ph 5:1 ratio of 2/3
4"-0OH O Me Me, O 2
U\ 2 N - OMe
e

rll H (o} O
<\ | o NBoc

N Boc” NH

Catalyst 4
B. Site-Selective Acylation of Amphotericin B
OH
OMe
Me ,
(e}

O\tOJ:Me
¥2 OH

NHC(0)Bn

DMAP, i-Pr,NEt
THF,23°C,15 h

HO

Me™"

C2' Selectivity 6 0 OO0 Me
R = Me, 26% JJ\ U
R = i-Pr, 48% R ) OH

R = p-NO2-Ph, 39% NHC(0)Bn
R = p-Me,N-Ph, 72%

Scheme 1 Site-selective acylation of erythromycin by S. Miller and amphotericin B by Burke.

footprint, an a-trifluoroethyl versus p-bromophenyl substituted
ester, and demonstrated that otherwise identical FK506 deriv-
atives (8b and 8c) exhibited markedly different interactions with
known protein targets, validating the large steric differences
between these seemingly similar derivatives (vide infra).>®

2.3 Simultaneous arming/SAR studies via halogenation of
arene-containing natural products

Halogenation of arene-containing natural products is an
attractive option for the functionalization of natural products
since the introduction of halogens offers derivatives with elec-
tronic and steric properties often markedly distinct from the
parent compound e.g. fluorinated derivatives. In the case of
bromo- and iodo- derivatives, and to a lesser extent chloro-
derivatives, chemical handles are introduced that can be used
for conjugation to reporter tags through transition metal-
catalyzed cross couplings. Given that existing methods for
arene iodination were typically harsh requiring highly acidic
conditions, Romo and co-workers set out to develop a mild
iodination procedure for arene-containing natural products. In
2010, they reported another instalment of their simultaneous
SAR/arming strategy by way of a chemo- and site-selective,

4 | Nat. Prod. Rep., 2014, xx, 1-17

In(OTf);-catalyzed, electrophilic arene iodination with N-iodo-
succinimide (Scheme 3A).>® This approach takes advantage of
the inherent reactivity of arenes toward electrophilic iodination,
including control of site selectivity through electronic control.
The strategy was applied to the chemo- and site-selective
iodination of a diverse set of arene- and heterocyclic-
containing compounds, including the steroid B-estradiol 11a,
the isoflavone daidzein 12a, and the psychoactive indole alka-
loid harmaline 13a. They also demonstrated the ability of the
resulting iodinated derivatives to participate in several Pd(0)-
catalyzed cross coupling reactions, that provided access to
several derivatives, including biotin conjugates.

In 2012, Miller and co-workers reported a chemo- and site-
selective approach for the bromination of arene-containing
molecules and its application to the generation of novel deriv-
atives of the potent glycopeptide antibiotics vancomycin 14a
and teicoplanin A,-2 16a (Scheme 3B).**** Guided by the known
natural tendency of these glycopeptides to bind to p-Ala-p-Ala
residues, the Miller group designed a family of small peptides
that selectively bind to these compounds in defined ways,
enabling site-selective bromination of this polyaromatic natural
product with N-bromopthalimide (NBP). With catalyst 15,

This journal is © The Royal Society of Chemistry 2014

10

15

20

25

30

35

40

45

50

55



10

15

20

25

30

35

40

45

50

55

Review

OH

OH

|
OH

Bioactive
natural product

Oble 9a: R

HO

8a: R = H (FK506) © Me

8b/8b": R = HBPA (32-HBPA FK506)
(8b/8b", dr = 1:1), 30% and
46% diether (C24), dr = 4:1

NPR

R)H}/OH/// OH o

4

O 7a:R = p-Br-Ph OE)LO%
R

= H (paclitaxel)
9b/9b": R = HBPA (2'-HBPA placitaxel)
(9b:9b’, dr =12:1), 64%
9¢/9c": R= HTFB (2'-HTFB paclitaxel)
(9¢:9¢’, dr 5:1), 49%

7b:R = CH20F3
Bioactive natural
product alkynyl ether

5 mol% Rhy(OAC), éH
CHJCly, 23°C,1 h
O-H insertion

10a: (R = H; brefeldin A)
10b/10b": R = HBPA (13-HBPA brefeldin A)
(10b/10b’, dr = 1:1), 66%
10c/10c": R= HTFB (13-HTFB brefeldin A)
(10c/10c’, dr1:1), 57%

8c/8c": R= HTFB (32-HTFB FK506)
(8c:8c', dr 7:1), 66%

HTFB, 5-hexynyl-
7,7, y-trifluorobutanoate

HBPA, 5-hexynyl-
(a-(4-bromophenyl)) acetate

Scheme 2 Romo and Liu's simultaneous arming/SAR studies of alcohol-containing natural products by Rh(i)-catalyzed O-H insertions with

diazo esters.

monobromination of phenyl ring 7 of vancomycin was achieved
in a site selective manner. The control reaction with no catalyst
leads to lower conversions and complex mixtures of brominated
products that are difficult to separate. In a more impressive
display of site selectivity, the use of peptide 17 enabled the
monobromination of teicoplanin A,-2 16a at phenyl ring 7,
while the use of catalyst 18 delivered monobromination at
phenyl ring 3, albeit in modest yields. This elegant methodology
provides direct access to novel analogs of vancomycin and
derivatives that may pave the way for novel antibiotics to
combat emerging vancomycin-resistant bacteria.

2.4 Simultaneous arming/SAR studies through
cyclopropanations of olefin-containing natural products

Alkenes are prevalent functional groups in bioactive natural
products.* While numerous reactions of alkenes are known,
direct applications of these transformations to complex,
unprotected natural products are limited. In order to exploit
olefins as possible sites for simultaneous SAR/arming of alkene-
containing natural products, Romo and co-workers developed
alkynyl-bearing diazo reagents 19 and 20 for mild cyclo-
propanations of both electron-rich and electron-poor olefins,
respectively (Scheme 4).*> Electron-rich, alkene-containing
natural products were found to undergo chemo- and site-
selective cyclopropanation reactions with TMS-alkynyl diazo
ester 19. The TMS-alkyne derivative was required to avoid
competing inter- and intramolecular cyclopropenations with
the alkynyl group. Furthermore, for substrates containing
reactive alcohol groups, temporary global silylation of reactive

This journal is © The Royal Society of Chemistry 2014

alcohols prior to cyclopropanation was required to prevent
competitive OH insertions.

These alkynylated derivatives were then conjugated with
reporter tags in one step, with concomitant iz situ desilylation
of the TMS-alkynes and O-silylated groups (vide infra).

For the cyclopropanation of electron-deficient alkenes,
alkynyl amido sulfonium salt 20 was used, which upon treat-
ment with £--BuOK in DMSO generated the corresponding sulfur
ylide that reacted chemoselectively with electron-poor olefins.
Several natural products were derivatized using this cyclo-
propanation reaction, including derivatives of gibberellic acid,
phorbol, and forskolin.

2.5 Site-selective epoxidation of polyene-containing natural
products

The epoxidation of simple olefins is one of the most well studied
reactions in organic chemistry.** While exquisite selectivity can
be achieved for alkenes that possess a directing group (i.e.
Sharpless epoxidation) or those with well-defined electronic
differences, the site- and stereoselective epoxidation of mole-
cules containing multiple alkenes with similar electronic and/or
steric environments still remains a challenge. Until recently it
could only be achieved to some extent by enzymatic trans-
formations. By employing a combinatorial synthesis and library
screening approach, Miller and co-workers identified a series of
small peptides capable of catalyzing site-selective epoxidations
of farnesol 24 and related polyenes (Scheme 5).>*

Thus, when catalyst 27 was used, the C2-C3 epoxide 25 was
obtained exclusively with excellent yield and good enantiose-
lectivity. If catalyst 28 was employed, the site-selectivity changed

Nat. Prod. Rep., 2014, xx, 1-17 | 5
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A. Site-Selective lodination of Natural Products

AI'1
NIS (1.1 equiv)

Review

In(OTf)3 (10 mol %)

Bioactive aromatic CH4CN, 22 °C

natural product

Ar Chemosite selective

b
>

Bioactive iodinated
natural product

Electrophilic iodination

11a: R'=H, R2=H (p-estradiol)
11b: R'=1, R%=H, 80%
11c: R'=l, R2%=1, 7%

B. Site-Selective Bromination of Natural Products

HO
HO
AcHN
OH
H
N
NH I\l/le
(0] oNH
(0]
Me
Me
NBP, 2.0 equiv

14a: R4, Ry, R3 = H, vancomycin

catalyst 15 (100 mol%)
H,0 : MeOH, 1.5 h

14b: R;=H, R, = Br, Ry = H, 41%
0

H
o NHBoc o Me

NBP 2 Catalyst 15

12a: R'=H, R2=H, (daidzein)
12b: R'=l, R%=H, 66%
12c: R'=l, R2=1, 20%

N-HCI

Me

Iz

MeO
R

13a: R=H, (harmaline*HCI)
13b: R=I, 83%

1NH,

16a: Ry, R, = H, teicoplanin A-2

NBP, 1.1 equiv NBP, 1.1 equiv
catalyst 17 (100 mol%) catalyst 18 (100 mol%)
H,0: MeOH, 1.5 h H,O: MeOH, 1.5 h

16b: Ry= Br, Ry = H, 19% 16¢: Ry= H, R, = Br, 28%

Boc-Asn(Me),-DLeu-DAla-OH
catalyst 18

catalyst 17

Boc-Asn(Me),-Leu-DAla-OH ’

Scheme 3 Mild halogenations by Romo and site-selective halogenations by S. Miller of arene containing-natural products.

completely to afford the C6-C7 epoxide 26, albeit in lower yield
and low but measurable enantioselectivity.

2.6 Nitroso Diels-Alder reactions for the derivatization of
diene-containing natural products

Many natural products contain conjugated diene moieties that,
in principle, can be useful handles for functionalization of these
compounds through cycloaddition reactions. Toward this
approach, Miller and co-workers applied a series of hetero-
Diels-Alder reactions with nitroso derivatives that are remark-
ably chemoselective for dienes and tolerate several other

6 | Nat. Prod. Rep., 2014, xx, 1-17

functionalities present in these molecules (Scheme 6).>**” Some
of the advantages that this approach offers include the intro-
duction of new heteroatoms and a six-membered ring that
provides more rigidity and thus significantly alters the topology
of derivatives. In addition, the possibility of performing further
transformations of the derived oxazines, enabling access to
several other derivatives, makes this strategy attractive for
natural product derivatization. The use of 2-nitrosopyridine
derivatives 29 was crucial in order to obtain reliably high yields
and selectivities. These types of stabilized iminonitroso
reagents offer the best combination of reactivity and stability for
nitroso Diels-Alder reactions under mild conditions, since the

This journal is © The Royal Society of Chemistry 2014

10

15

20

25

30

35

40

45

50

55



10

15

20

25

30

35

40

45

50

55

Review

NC\H)LO 2
o} A

19, 1.2 equiv

NPR

| 3 mol % Rhy(esp)s,

CH,Cl,, 22 °C

( n R1
B

Rz

Bioactive alkene-containing

0 | €]
J_soF
4 ~ H
/u
H 20

7 2
NC
Q/HN
(n 4 R4 o T™MS

natural product

21, 79%, dr 3:1
from gibberellic

22, 24%
from phorbol

O HO

acid methyl ester

t-BuOK, DMSO, 22 °C

o
Me,
™S P Nk
O\b/ H "
4 Me

23, 81%, dr 1:1
from forskolin

Scheme 4 Romo's simultaneous SAR/arming studies through cyclopropanation of olefin-containing natural products.

use of more reactive nitroso species (e.g. acylnitroso) are often
too reactive to be compatible with other functional groups
present in complex natural products, and the use of less reactive
ones (e.g. nitrosobenzene) require harsher reaction conditions
and provide lower yields.

This approach was applied to the derivatization of several
diene-containing natural products, including the opiate alka-
liod thebaine, the antitumor antibiotic reductiomycin and the
macrolide antibiotic leucomycin A7. Furthermore, Miller and
co-workers developed polymer-bound arylnitroso dienophiles
for solid-phase chemistry that facilitate the synthesis of natural
product-derived libraries for SAR studies.***°

catalyst 27 (10 mol%) Me Me
HOBt (10 mol%), DMAP (10 mol%) N N
DIC (1 equiv), H,0, (2 equiv) Me 6
l CHCls, 4°C 24, farnesol
Me Me Me
Me = P~ 35 . OH
6 0Y2

25, 81% yield, 86% ee

(0]

) NHTIt o

H
N N
N
0
BocHN \/&
- 0 0

Tl

catalyst 27 [e) 0

Iz

OMe

2.7 Simultaneous arming/SAR studies via C- and N-
amination and alkene aziridination of natural products

Recent advances in transition metal catalysis have enabled the
direct and selective functionalization of C-H bonds through
insertions of metallo carbenoid and nitrenoid reagents.*>** The
Rh-catalyzed C-H amination reactions pioneered by Du
Bois,**** Lebel* and others, offer a very attractive approach for
the introduction of nitrogen substituents into unfunctionalized
positions to deliver C-H aminated products and also aziridi-
nation of electron-rich alkenes under certain conditions. The
application of this unique approach to the functionalization of

Me catalyst 28 (10 mol%)
3l HOBt (10 mol%), DMAP (10 mol%)
2 OH DIC (1.1 equiv), H,0; (1.5 equiv) l
CHCl3, —12°C to -18 °C

Me Me Me
M = g P OH
3 o¥e6 2

26, 43% yield, 10% ee

OtBu
Me OBn
(e} r (0} g (o}
SRS PN
N ? N OMe
N H : H
o

2 o
BocHN \/g NHTTt
"o

S o) (e}

catalyst 28

OH

Scheme 5 S. Miller's site-selective epoxidation of polyene-containing natural products.

This journal is © The Royal Society of Chemistry 2014
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Scheme 6 M. Miller's nitroso Diels—Alder reactions for the selective derivatization of diene-containing natural products.

native natural products offers an increased number of potential
sites for derivatization while maintaining the desired bioac-
tivity, since amination of unactivated sites does not directly
perturb existing functional groups that are often required for
bioactivity. Romo and coworkers developed an alkynyl sulfa-
mate reagent 33 that enabled intermolecular C-H aminations
and alkene aziridinations of native natural products for simul-
taneous arming/SAR studies (Scheme 7).*® The pendant alkyne
offers a site for subsequent orthogonal conjugation to reporter
tags toward cellular probes. They applied this methodology to
the derivatization of several natural products and drugs and
demonstrated the ability of these reaction conditions to deliver
benzylic (e.g. 34) and allylic (e.g. 35) C-H aminated products, in
addition to amidines (e.g. 36a) derived from tertiary amine-

H allylic O, 37
C-H >ss
alkene ‘
L 5 mol% Rh(esp),, Phl(0,CtBu),
a-heteroatom  H penzylic benzene, 23 °C, 30 min
C-H o
bioactive C-H, N- amination

or aziridination

natural product (NP)

RHN ~ Me

NHR M
from B-estrone 3-methyl ether
34 (dr 4:1, 40%)

(+ 51% rec. SM)

from eupalmerin acetate (EPA)
35 (dr 1:1, 28%, EPAyne)
(+ 62% rec. SM)

containing natural products through a C-H amination/
oxidation sequence. Through unusual N-aminations, hydra-
zine sulfamate zwitterions (e.g. 36b) were also obtained.

2.8 Late-stage fluorination and selective C-H oxidation of
natural products

Fluorinated aromatic compounds are common motifs in
medicinal and materials chemistry and are routinely used as
tracers in medical applications.*’*®* Late stage selective C-F
bond formation is challenging due to the lack of available
methods and the incompatibility with several functional
groups. Recently, Ritter and coworkers developed a mild and
selective silver-catalyzed fluorination of aryl stannane

|
N ccl
NP /H 33 : HN\
- X~ H @N

H and/or and/or

R = SO3CH(CCI3)CH,;C(O)NH(CH3)4CCH

36a 36b
from (S,R)-noscapine

36a (E/Z=1.3:1, 21%) and 36b (37%)

Scheme 7 Romo and Cravatt's simultaneous arming/SAR studies via C- and N-amination and alkene aziridination of natural products.
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A. Silver-Catalyzed Late-stage Fluorination

_ SnRY 5 mol% Ag,0 > E
rL | 2.0 equiv NaHCO3 R |

NS 1.0 equiv NaOTf S
R' = Me, Bu 1.5 equiv F-TEDA-PFg

acetone, 65 °C
(o}
HN
F

37, 78% Q

38, 81%

from maculosin fromrestrone

B. Iron-Catalyzed Site-Selective C-H Oxidation

H R HO R

)\ catalyst 41 )\

> X/
R ACOH, H,0,, CHoCN R™--
R' = H, alkyl

42, 52%

) . 43, 54%
from tetrahydrogibberellic acid

from artemisinin

%/i 75%

NPR

/—Cl

A
YAVET N
F®

F-TEDA-PFq

40, 65%
from rifamycin S

from quinine

41, Fe (S,S)-PDP

44a, 42% 44b, 20%
from dihydropleuromutilone

Scheme 8 Ritter's late-stage fluorination and White's C—H oxidation of natural products.

substrates that has wide scope and functional group tolerance.
They demonstrated the utility of this process for the fluorina-
tion of several complex natural product derivatives that
included peptide, steroid, alkaloid and polyketide natural
products (Scheme 8A).” However, one of the drawbacks of this
methodology is the synthesis of the starting arylstannanes,
which might require several steps, but nonetheless, this
approach enables the high yielding introduction of C-F bonds
in complex settings, which was previously not possible.

The selective functionalization of aliphatic C-H bonds is one
of the greatest challenges in organic chemistry due to their
abundance yet lack of reactivity.*> White and coworkers recently
developed Fe-catalyzed C-H oxidations that demonstrate good
selectivity and are useful in complex settings by the function-
alization of native natural products and derivatives (Scheme
8B).°**! Under the optimized conditions using catalyst 41, C-H
oxidation of a tetrahydrogibberellic acid derivative occurred at
C-15 to selectively provide lactone 42 in 52% yield. Artemisinin
underwent site-selective C-H oxidation at the tertiary C-H bond
at the C-10 position, to provide derivative 43 exclusively.
Mixtures of C-H oxidation products are often obtained, as in the
case of dihydropleuromutilone, which provided a mixture of the
alcohol 44a and ketone 44b, however, the oxidation proceeded
with high site selectivity at C-7.

This journal is © The Royal Society of Chemistry 2014

2.9 Deoxygenation of hydroxy groups based on site-selective
thiocarbonylations and phosphoramidite transfer

The ability to selectively remove a hydroxy group from a native
polyol-containing natural product is an attractive goal in
organic and medicinal chemistry, since it provides access to
deoxy-derivatives in a concise manner for SAR studies. Although
radical-initiated deoxygenation reactions of thiocarbonyl esters
and phosphites are very well established,”** the direct
synthesis of the requisite starting materials in complex natural
products containing multiple functional groups is still a diffi-
cult undertaking. Miller and co-workers recently further
exploited their small peptide strategies with embedded imid-
azoles (e.g. 46, Scheme 9) as catalysts for the site-selective
transfer of thionoformates to deliver thiocarbonyl esters
enabling subsequent deoxygenation reactions in complex
settings.***® This approach was applied to the deoxygenation of
several polyol-containing molecules, including inositol and
carbohydrates, as well as to a minimally protected form of the
glycopeptide antibiotic vancomycin. In the latter example, the
authors identified two peptide-based -catalysts capable of
delivering mono-thionocarbonates with remarkable site-
selectivity, which after deoxygenation and deprotection
provided novel deoxy-vancomycin analogues. One of these new
derivatives (49),”® revealed that the removal of the hydroxy group
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Scheme 9 S. Miller's deoxygenation of alcohols based on peptide-catalyzed, site-selective thiocarbonylations and phosphoramidite transfers.

at the Z- position had a profound effect on the conformation, as well, since Z-s-deoxy-vancomycin 49 was less potent than
since Z-¢-deoxy-vancomycin 49 exists in at least two discrete vancomycin against several bacterial strains. The optimized
conformations that interconvert at room temperature. This reaction conditions for site-selective thiocarbonylations also
conformational flexibility had an effect on its biological activity had some limitations, when it was applied to erythromycin A,*”

A

NPdO,CCF

F3;CCO,Pd OMe F3CCO,Pd
N
MeO 0 N,

MeO

52 (50 uM)
phosphate buffer
0.1% Triton X-100

5% DMSO

23°C, 1h

O S OMe
O J
(0] Me
MeO A N k""e

(0]

OH E)Bz OAC 54, taxol-indocyanine conjugate

Scheme 10 Myer's aryl carboxylate Pd(i) reagents for alkene labelling in aqueous media.
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Scheme 11 Romo's synthesis of an FK506-biotin conjugate from O—H insertion derivatization.

side reactions were observed, which produced lower yields.
Furthermore, when it was applied to 2’-acetyl-erythromycin A,
only dealkylation of the amino group was observed.

To overcome these problems, in a second iteration of this
strategy, Miller and co-workers developed the phosphoramidite
47 that enables site-selective transfer by peptide catalysts with
embedded tetrazoles (e.g. 48). The resulting phosphites
undergo efficient deoxygenation of hydroxy groups under mild
deoxygenation conditions similar to the Barton-McCombie
reaction. When these reaction conditions were applied to
erythromycin A, using phosphoramidite 47, 4"-deoxy-
erythromycin A 50 could be obtained selectively following
deoxygenation in good overall yield.

3 Applications to cellular probe
synthesis and biological studies

3.1 Approaches to the direct synthesis of various probes (i.e.
fluorescent) from natural products

Fluorescently labeled small molecules are invaluable tools in
chemical biology and are routinely used as indicators in

55, TBAF

TMS

enzymatic assays, reporter tags and cellular localization
studies.” While there are an increasing number of commer-
cially available fluorophores with various linkers and reactive
end groups,® the synthesis of natural product probes contain-
ing a covalently attached reporter tag still presents significant
challenges due to the limited number of “handles” for attach-
ment, as well as the structural complexity and wide functional
group diversity found in natural products. To facilitate the
attachment of fluorescent tags to a diverse set of natural prod-
ucts, La Clair and co-workers developed a family of function-
alized labels, that are derivatives of a simple coumarin, which
was chosen based on its lack of biological activity, excellent cell
permeability, and both physicochemical and photophysical
properties.®* Each derivative has a discrete, reactive end group
used as the attachment point to a specific functional group. The
utility of these labels was demonstrated by the synthesis of
a diverse set of tagged natural products and comparative
studies using LED fluorescence

subcellular localization

microscopy.

H

WO CuSO,4/ Na Ascorbate
t-BUOH/H,0

76%

23, forskolin derivative

OAc

1. 19, 1.2 equiv
3 mol % Rhy(esp),,
CH,Cl,, 22 °C

2. 55, TBAF
CuS0y4/ Na Ascorbate
t-BuOH/H,0

59, bexarotene
methyl ester

1 mg fo)

58, forskolin-biotin conjugate

0}
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Scheme 12 Romo’s synthesis of forskolin and bexarotene-biotin conjugates through cyclopropanation derivatization.
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Scheme 13 Site-selective acylations of apoptodilin A by Miller and Wender.

3.2 Arylpalladium(u) reagents for alkene labeling in water

The development of methods for the selective covalent attach-
ment of reporter tags in water poses a challenging prospect for
natural product derivatization but would prove highly useful for
highly polar natural products. Myers and co-workers recently
described a set of air- and water-stable arylpalladium(u)
reagents containing biotin 51 and indocyanine 52 labels that
can be used for the tagging of alkene-containing compounds
through Heck coupling reactions in aqueous media, enabling

the synthesis of complex natural product probes on small scale
(Scheme 10).°> These organometallic compounds were prepared
from the corresponding benzoic acid derivatives through
decarboxylative palladation reactions and can be stored for
several months. The arylpalladium(u) reagents were shown to
participate in Heck couplings with styrenyl-substrates in
aqueous media at 23 °C with good overall conversion.
Substrates studied include a styrenyl-modified protein (lyso-
zyme), FK506, and taxol derivatives. In the case of the taxol

A ICs0 (95% C.1.) B
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g 10 4 EuPAyne 14 uM (8-25) EuPA(UM) 15 5 25 1 05 0
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o R~ Me .
2 05 <L L .
= m
s 50
X 0.0 0N, .
T T T Me 37 | B : i ol
1 0 1 2 3 EWPA (R=H)
log( M) EuPAyne (dr 1:1)
o CChoO 25
R= 9% AN, .4 20
light cells : - ™ )
eurA b @ EuPAynev‘s‘ > 1) Click Chemistry
_)c _— ° 2) Avidin enrichment
s °,~ 3) Trypsin Digestion
mix <+ 4) LC-MS/MS
heavy cells © <30
+ P P
4 € EuPAyne ¢ ©
'€ > @
Mock
D Competition Control E DERL1 CYB5B TBXAS1 Transfected
Experiment Experiment kDa — + - + — + _ + EuPA
Gene Symbol MW (kDa) Ave.Ratio S.E.M. Ave. Ratio S.E.M. 75
DERL1 28.8/26.4 20 0 0.93 0.03 : ¢ =
CYB5B 16.3 20 0 0.94 0.02 5016 0 & I =1 s i
NT5DC1 51.8 17.16 2.84 0.91 0.03 37| e =R — R |
CPT1A 88.4/86.2 15.80 4.21 0.99 0.05
TAPBP 43.9/53.9 15.20 4.81 0.91 0.09 25
TBXAS1 60.5 14.43 5.57 0.91 0.06 20 S
TAP1 87.2 14.08 5.92 0.94 0.01

Fig. 1 Bioactivity and cellular target identification of eupalmerin acetate through CH amination by Romo and Cravatt.
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Scheme 14 Romo/Robles’ microscale derivatization of resiniferatoxin.

derivative, the authors demonstrated the feasibility of labeling
the substrate on a microscale (25 uM) in just 1 h under mild
conditions using the organopalladium complex 52, to provide
the targeted taxol-indocyanine conjugate 54 (Scheme 10).
Reaction of the arylpalladium 51 containing biotin with FK506
derivative provided a biotinylated derivative that was used for
affinity-enrichment experiments with cell lysates. The conjugate
was shown to be an effective probe for capture of its corre-
sponding protein receptors by affinity chromatography.

NPR

R4
OH 65a, R1 =|,R2=H
65b, Ry =Ry=1

OMe (74al74b: 5/1)

(66a/66b: 1/1)

3.3 Synthesis and bioactivity of FK506 Probes

The development of site-selective rhodium-catalyzed O-H
insertions by Romo and co-workers enabled the synthesis of
several natural product derivatives for SAR studies as well as the
expeditious synthesis of cellular probes for target identifica-
tion.>”*® Toward studying the effect on biological activity that
different a-substituents on the derived ethers generated
through O-H insertions might have (i.e. a-trifluoroethyl versus
p-bromophenyl, see Scheme 3 for structures), a set of diaste-
reomeric FK506-derived ethers 8b-c, were separated and used

NaO,S —CF,(CHj3)g—N3
68 -‘CFZ(CHz)e"Ns
ZnCl,, t-BuOOH

TsOH-H,0 or TFA
CH,Cly:H,0 or DMSO:H,0

CF2(CHz)s—N3

70, 47%
from bosutinib

69, 42%
from camptothecin

Bt
OH ©

bN\/\/ N\ CF5(CHz)e—N3
MeO CN

Cl CI

@Qi j/CFz o

71, 53%
from varenicline

OMe

Scheme 15 Baran's C—H functionalization of natural products and pharmaceuticals with azide-terminated linkers.
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in cellular assays and affinity chromatography experiments with
biotin derived conjugates. Conjugation to biotin was carried out
through Sharpless-Hiiisgen cycloaddition with biotin azide 55
(Scheme 11). Using the IL-2 reporter assay, the FK506-HTFB
derivatives 8c and 8¢’ displayed a diminished inhibition of IL-
2 production (a-trifluorethyl, ~2 fold, IC5, = 15.9 + 2.8 and
19.2 + 14.5 nM, respectively) as compared to the FK506-HBPA
derivatives 8b and 8b’ (a-p-bromophenyl, IC5, = 10.2 + 3.8
and 7.3 £+ 0.6 nM, respectively). A similar trend was observed
with the biotin conjugates 56 and 57 (~4 fold, IC5o = 97.4 +17.5
and 27.9 + 10.6 nM, respectively). Pulldown experiments were
then performed using the FK506-biotin probes 56 and 57, which
led to distinctive differences in the cellular proteins captured.
Whereas the use of the a-p-bromophenyl probe 56 led to pull-
down of the entire immunosuppressive complex including
FKBP12, calcineurin A/B and calmodulin, the smaller a-tri-
fluoroethyl conjugate 57 captured only FKBP12, demonstrating
the significant effect that small changes in probes can have for
pulldown experiments.

3.4 Synthesis of forskolin and bexarotene-biotin probes
through cylopropanation/conjugation reactions

During the course of studying cyclopropanation conditions for
simultaneous arming/SAR studies of natural products and
drugs, Romo and co-workers demonstrated the feasibility of the
derivatized products to undergo simultaneous desilylation and
Sharpless-Hiiisgen cycloaddition for the attachment of reporter
tags.* Using optimized reaction conditions (Scheme 12),%* the
forskolin derivative 23 underwent desilylation and conjugation
to biotin azide 55 to deliver conjugate 58 in 76% yield.
Furthermore, the authors successfully applied the
cyclopropanation/conjugation sequence on microscale to the
synthesis of a bexarotene-biotin conjugate 60.

3.5 Site-selective acylations of apoptolidin

In a joint venture, Miller and Wender explored the site-selective
derivatization of apoptolidin 61 using catalytic peptide-based
acylations (Scheme 13).>* Apoptolidin is a complex polyketide
natural product that possesses potent activity for induction of
cell death in cells transformed with an oncogene but not normal
cells.**®* This remarkable selectivity has stirred tremendous
interest in the synthetic and medicinal community to explore
the chemistry and biology of this natural product; and although
several derivatives have been produced through synthetic
efforts, it has been a laborious undertaking.®® Treatment of
apoptolidin under the reaction conditions previously developed
in the Miller group with catalyst 4, provided a ~4 : 1 separable
mixture of monoacetates 62a/62b with improved conversions in
comparison to use of DMAP as an acylation catalyst which gave
an ~1:1 ratio of these products. Interestingly, when the
enantiomer of catalyst 4 was used (ent-4) a mixture of two
discrete triacetate compounds 63a/63b were obtained and fully
characterized. The new apoptolidin derivatives were then
assayed and found to be quite similar with regard to potency, as
compared to the parent compound, suggesting that small

14 | Nat. Prod. Rep., 2014, xx, 1-17
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modifications are tolerated or alternatively that the acetates are
cleaved during the cellular assays leading back to apoptolidin.

3.6 Synthesis, bioactivity, and cellular target identification
of eupalmerin acetate through CH amination

Eupalmerin acetate (EuPA) is a cembranolide diterpene natural
product with promising anticancer activity, that has been
shown to inhibit the growth of several cancer cell lines in vitro
and in vivo, including malignant glioma xenografts in a mouse
model.”” However, the specific cellular target(s) of this natural
product were unknown until recently. To demonstrate the
utility of the C-H amination strategy for simultaneous arming/
SAR studies of natural products, Romo and co-workers applied
this strategy to EuPA. This natural product underwent site-
selective allylic C-H amination to afford EPAyne 35 as a 1:1
mixture of diastereomers (see inset, Fig. 1).** The anti-
proliferative properties of EuPA-yne 35 was then measured and
compared to that of the parent compound in HL-60 cells and
EuPAyne was found to be only ~5x less potent (ICs5o = 3.0 uM
for EuPA versus 15 pM for EuPAyne, Fig. 1A). This result sug-
gested that EPAyne could be used for quantitative proteomic
profiling to identify the cellular targets of EuPA, which
presumably forms covalent adducts with cellular targets due to
the presence of the exocylic double bond serving as a likely
Michael acceptor toward nucleophilic residues. Initial pro-
teome profiling with HL-60 cell lysates followed by conjugation
to an azide-rhodamine reporter tag, SDS-PAGE, and fluorescent
scanning revealed several protein bands that were specifically
competed out with EuPA (Fig. 1B, red arrows). To identify these
targets, a competitive ABPP-SILAC®*7° experiment was per-
formed, which uses a mixture of proteomes with both heavy and
light isotopic tags. A click reaction to provide a biotin conjugate,
enrichment, and analysis by MudPIT,” led to the identification
of three high-affinity targets (Fig. 1C). The first was derlin-1
(DERL1) which is associated with cancer cell proliferation and
both cytochrome b5 type B (CYB5B) and thromboxane A syn-
thase (TBXAS1) which are known to be overexpressed in cancer
(Fig. 1D). These cellular targets were validated by labeling of
transiently transfected 293T cells with the proposed targets and
labelling with EPAyne (5 pM) + EPA (15 puM) in competition
experiments (Fig. 1E, red arrows indicate the target’s expected
molecular weight). This study demonstrated the utility of the
simultaneous arming/SAR strategy for target identification
employing novel natural products.

4 Conclusions

Over the past decade, synthetic chemists have developed new
reagents, catalysts and reaction conditions for the direct func-
tionalization of native bioactive natural products. These
methods have enabled both the chemo- and site-selective
synthesis of novel natural product derivatives for SAR studies
and the synthesis of natural product-based probes for cellular
target identification. This field is still in its infancy since the
challenges associated with derivatization of each unique
natural product displaying broad scales of reactivity and unique
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arrays of functionality are great. Further evidence for this
growing field stems from the number of papers in this area
appearing very recently with increasing frequency.”>”*

5 Future outlook

We anticipate that the application of the described strategies for
the direct modification of unprotected natural products with
both new and old bioactive natural products will facilitate
a more rapid and thorough exploration of chemical space pre-
sented by these privileged structures. These strategies will
provide access to numerous probes useful for the study of
cellular processes and the identification of novel targets for
therapeutic intervention for drug discovery. As additional mild,
microscale methods for natural product derivatization are
developed, one can envision the ability to modify increasingly
diverse sites of native natural products for full SAR exploration.
The difficulty of performing SAR studies with natural products
will no longer be a bottleneck in evaluating the therapeutic
potential of bioactive natural products as leads for drug
discovery. Toward this ideal goal, we present the application of
several recently developed methods in our group for simulta-
neous arming/SAR studies to the microscale chemo- and site-
selective derivatization of the complex natural product, resin-
iferatoxin (Scheme 14).”> Resiniferatoxin is an ultrapotent
analog of capsaicin isolated from the cactus Euphorbia resinifera
and is an agonist of the vanilloid receptor.”*”” Treatment of
resiniferatoxin 64 with NIS in dichloromethane provided the
known 5-iodo resiniferatoxin 65a,”® along with some of the bis-
iodo derivative 65b. When the alkynyl diazoester reagent 19 was
used in combination with catalytic amounts of Rh,(esp)s,,
a mixture of cyclopropanated resiniferatoxin 66a and O-H
insertion derived ether 66b was obtained. Finally, cyclo-
propanation of the electron-deficient enone with alkynyl amide-
containing sulfonium salt 20 provided the derivative 67. This
example demonstrates the potential for accessing derivatives of
a complex, native natural product at very different positions that
are readied for conjugation to access cellular probes. We
anticipate that the methods described herein and those to be
developed in the future will enable the full potential of natural
products to be realized in the future.

6 Addendum

While this manuscript was under revision, an elegant approach
for the C-H functionalization of heterocycle-containing natural
products and pharmaceuticals with azide-terminated linkers
was reported by Baran and co-workers (Scheme 15).”* This
strategy is based on (fluoro)alkanesulfinate reagents and their
ability to form radicals in situ under oxidative conditions, that
then react with heteroaromatics through a formal C-H func-
tionalization.”®* The azide-containing alkylsulfinate 68 allows
the direct derivatization of various heterocycles and the result-
ing azidoalkyl chain can then be used for conjugation to
reporter tags, as demonstrated by the attachment of the deriv-
atized products to an alkyne-containing monoclonal antibody
through a Hiiisgen cycloaddition. They applied this strategy to

This journal is © The Royal Society of Chemistry 2014
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the derivatization of several natural products and pharmaceu-
ticals and included the topoisomerase inhibitor camptothecin,
the anticancer drug bosutinib, as well as varenicline (Chantix,
used to treat nicotine addiction) in generally good yields and
selectivities.
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