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Not Covered Today

avrainvillamide and stephacidin
cytochalasin
cortistatin

salinosporamide A
tunicamycins

most method development and reagent development



Chiral Auxiliary

Method Development
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Pseudoephedrine Auxiliary

Me
I;lH

OH Me

pseudoepedrine

The racemic mixture is also known as Sudafed, which is commonly used as an oral decongestant

Used to be widely available and cheap, but since it can be used to make meth, it is now quite hard to purchase

First reported as an effective auxiliary in 1994 by Myers

JACS. 1994; 116(20): 9361-9362.



Pseudoephedrine Auxiliary

O

AN

X = Cl or O(C=0)CH,sR

n-Buli, LiCl;

IIIH

OH Me

GlyOMe

dehyadrated starting material shown, but hydrate
can also be used directly with LIHMDS

Tet. Lett. 1995; 36(26): 4555-4558.
JACS. 1995; 117(32): 8488-8489.

Tet. Lett. 1995; 36(52): 9429-9432.
JOC. 1999; 64(9): 3322-3327. .



Pseudoephedrine Auxiliary

O

AN

X = Cl or O(C=0)CH,sR

n-Buli, LiCl;

GlyOMe

OH Me

dehyadrated starting material shown, but hydrate
can also be used directly with LIHMDS

O LDA (2.25 equiv.) (o)
i i Mel
J‘\/ R LiCl (6 equiv.) e J]\/ R
N N .
I THF I :
OH Me OH Me CHj
94% vyield
_ 94% d.e.
*Reactions in the presence of less than 4 equiv of LiCl
are slower and do not proceed to completion; the
diastereoselectivity of the alkylation reactions do not
appear to be greatly affected by the concentration of
LiCl
i Tet. Lett. 1995; 36(20): 4555-4558.
\J JACS. 1995; 117(32): 8488-8489.
alkyl halide Tet. Lett. 1995; 36(52): 9429-90432.

JOC. 1999; 64(9): 3322-3327. .,



Quaternary Centers

iPr
\ _iPr
o-Si , . .
\O 1. LDA, LiCl, O °C, THF = 1. LDA (2.2 equiv), LiCl, THF
Phn.. -« " .
/’\(Et 2. DMPU (iPr),SiCl,, -40 °C 2. DMPU, BnBr (2 equiv)
Me I:l OH Me Me OH Me Me
Me Me
1 Z: 10:1 dr
19:1 2k reaction time = 1h @ -40 °C
iPr
\ _iPr
o-Si , _ . (@)
S 1. LDA, LiCl, 0 °C, THF 1. LDA (2.2 equiv), LIiCl, THF -
Phr:.. O J\<
- > N Et
NN Me 2. DMPU (iPr),SiCl,, -40 °C 2. DMPU, BnBr (2 equiv) | :VBn
Me I OH Me Me
Me Et
5:1 dr
15:1 EZ

reaction time = 4.5 @ -40 °C

The E and Z enolates are both alkylated from the enolate 1i-face opposite the alkoxide side chain

Interesting Observation: The Z enolate reacts about 4x faster than the E enolate and is more diastereoselective at lower
conversion, which led the authors to use excess enolate for higher diastereoselectivity

JACS. 2008, 130, 13231-13233
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Quaternary Centers

Interesting Observation: The Z enolate reacts about 4x faster than the E enolate and is more diastereoselective at lower
conversion, which led the authors to use excess enolate for higher diastereoselectivity

CHj O
: R, 1.LDA,LIC|,0°C, THF Ry
. x‘l‘+
2. DMPU Ro) ' R, CHa

b

OH CH3 CHa (1 equiv)

(1.3-1.5 equiv )
0
0O
93% Y 85%
Xg¢s~ X, CHj3 19:1dr " CH, 19:1dr

l"}l'- CH3

O

O
x.,/u\<\CH3 96% . 87%
P £t CHj
O
x"'+)j\<\CH3 99% °© Xips 78%

CHg 7.3:14dr CHs 54:1dr

O
98%
x"’*)\<\/\CH3 48 A4k Xop. 19 - 1 dr JACS. 2008, 130, 13231-13233

9n CHs Bn CHs 14



Quaternary Centers

Another Interesting Observation: Both diastereomers of alpha-phenyl amides converge to the same product,

suggesting that the

conditions. This is supported by silanol trapping

1. LDA, LiCl, 0 °C, THF

O A

\ )
OH CH3 Ph 2. DMPU, BnBr (2 equiv), 40 °C
91%
(1 equiv, > 95 :5dr) Xy CHa
Bn Ph
CH3 19:1dr
J\/\ 1. LDA, LiCl, 0 °C, THF /
(6)
OH CH3 Ph 2. DMPU, BnBr (2 equiv), 40 °C
4 91%
(1 equiv, >95:5dr)
CH, O 1. LDA, LiCl, THF, 0 <C
| CH-
II\IJH/\CH'J 2. DMPU, (i-Pr);SiCl; \ \<
OH CHs Ph _40 °C o S'o o
3

93% 3\ )\(\ @)
3

CHa O 1. LDA, LiCI. THF,
NJ\/\CH3 2. DMPU, (i-Pr),SiCl,

OH CH3 Ph
4

LDA, LICI, THF, O :C/ CHq Ph
( E-isomer )
-40 °C ~25:1E:Z

88%

—- and Z-alpha-phenyl-alpha-ethyl enolate intermediates might interconvert under the reaction

JACS. 2008, 130, 13231-13233
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'teration

lterative addition to set multiple stereo centers

Strategy could be used to iteratively alkylate,
reduce, alkylate, repeat

Enables asymmetric synthesis of 1,3-dialky!
substituted carbon chains of any stereochemical
configuration

Facilitated by the development of LAB
(LIH2ZNBHS3), a reductant that can selectively
reduce tertiary amides to primary alcohols

Tetrahedron Letters. 1996; 37(21): 3623-3620.
Synlett. 1997; 457-459.
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\l/\l 85%

OH Me

>199:1

Et,N e
- M _we

Xy
1

LDA., LiCl: BnBr Q 1 LAB
- By —
X7 90%

Me
2

PPh,, I, imidazole

Bn
r/\r -
98%

99:1 299:1

0O
l Bn LAB l Bn LDA, LiCl, 1
H o/\I/Y X7 -
Me 97%

Me

Me Me 95%
7

>199:1

l

oY

3

Me

58:1

PPhg, I, Im Bn
2 o
96% Me Me
9
LDA, LiCl, 1 LDA, LiCl, ent1
l 93% 96% l
142 :1 70:1
) ]
l Bn l Bn
X W
Me Me Me Me Me Me
1" 12
LAB 193% LAB 193%
142 : 1 70 :1
1 Bn 1 Bn

Me Me Me

15 16
58% yield over O steps 60% yield over 9 steps
95.7% final de 94.1% final de

Me Me Me

el
LDA, LiCl, ent-1 " /u\l/\l/en
— - :
95% :

Me Me
6

Me Me
10

Br
%

96 Me Me

Bn

55

|

1

Bn PPhg, I, Im
-
97%

LDA, LiCl, 1 l LDA, LiCl, ent-1

Me l'de Me
13

u.\a 191%

:
Me Me Me
17

HO

56% yield over 9 steps
92.6% final de
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Pseudoephedrine Auxiliary

Me
I;lH

OH Me

Restricted

17



Pseudoephedrine Auxiliary

C

OH Me

Pseudoephenamine

First Generation Synthesis

O O O
Jj\ SOCl, )]\ J\
- H NH, - o . : Me O H :
X - O LK, & - Lo
: NH, HCO,NH, : H H Ho0O, reflux NH, then NH

: 150 °C :
OH OH OH OH Me

(1R, 25)-1,2-diphenyl-2-aminoethanol
~$1-2 per gram

ACIE. 2012; 51(19): 4568-4571. 18



Pseudoephedrine Auxiliary

OH Me

Second Generation Synthesis:
Chiral Resolution Starting with Benzil (S)-mandelic acid

O CH3NH, O LAH (2.2 equiv.)
o o
THF, 50 °C THF, -78 °C
o) N r?l
(0 Me

Z-isomer only (+/-) pseudoephenamine

‘ methanol
50°C to 4 °C
p

1. NaOH ‘\2
2. Recrystalhzanon

from EtOH

(+)- pseduoephenamlne

(R)-mandelic acid 1. NaOH
y
methanol 2. Recrystallization
50°C to 4 °C from EtOH

(-)-pseduoephenamine

19



Ene-diynes

neocarzinostatin chromophore

dynemicin A

kedarcidin chromophore

iProO OMOM
OO
MeO

OMe HN,

o OTIPS

N1999A2

OH HO OH
o)
\_¢ =
\_¢ =
Cl OMe

20



Ene-diynes

Synthetically Challenging

Chemically unstable compounds -
often cannot be stored neat in the

absence of radical inhibitors

Analog development demands
flexible, convergent synthetic
approaches

General Reactivity

Nucleophilic attack triggers
conformation change to initiate
a Bergman Cyclization,
forming diradicals that abstract
hydrogens from DNA, resulting
IN B-scission of the DNA
backbone

neocarzinostatin chromophore

dynemicin A

kedarcidin chromophore
iPrO OMOM
Meom
N OTIPS
\ /

i

N1999A2

OH HO OH
o)
\ ¢ =
\_¢ =
Cl OMe

2



Neocarzinostatin

(+)-NCS chromophore
- |solated from Streptomyces carzinostaticus

Science 1993, 262, 2035-2040.

Fig. 2. (A) Stereoview of the electron density map (blue) of the region surrounding NCS-chrom (red)
and neighboring protein (white). The map was calculated with 2|/F | — |F| coefficients for data
between 5 to 1.8 A resolution and contoured at 1.00. (B) Stereoview of the polypeptide fold of
holo-NCS. NCS-chrom and cysteine residues are represented by ball-and-stick models. (C)
Stereoview of the protein environment of NCS-chrom. Residues within 4 A of the NCS-chrom are
labeled. Both (B) and (C) were drawn with the program SETOR (33).



Neocarzinostatin

(+)-NCS chromophore
- |solated from Streptomyces carzinostaticus

- Composed of a 113-amino acid protein component (apoNCS) and
a chromophore component (NCS-chrom)

Science 1993, 262, 2035-2040.

Fig. 2. (A) Stereoview of the electron density map (blue) of the region surrounding NCS-chrom (red)
and neighboring protein (white). The map was calculated with 2|/F | — |F| coefficients for data
between 5 to 1.8 A resolution and contoured at 1.00. (B) Stereoview of the polypeptide fold of
holo-NCS. NCS-chrom and cysteine residues are represented by ball-and-stick models. (C)
Stereoview of the protein environment of NCS-chrom. Residues within 4 A of the NCS-chrom are
labeled. Both (B) and (C) were drawn with the program SETOR (33).



Neocarzinostatin

(+)-NCS chromophore
- |solated from Streptomyces carzinostaticus

- Composed of a 113-amino acid protein component (apoNCS) and
a chromophore component (NCS-chrom)

- Potent DNA cleaving agent, mechanism of action was heavily
studied by Kappen, Goldberg, Saito, Myers, and others.

Science 1993, 262, 2035-2040.

Fig. 2. (A) Stereoview of the electron density map (blue) of the region surrounding NCS-chrom (red)
and neighboring protein (white). The map was calculated with 2|/F | — |F| coefficients for data
between 5 to 1.8 A resolution and contoured at 1.00. (B) Stereoview of the polypeptide fold of
holo-NCS. NCS-chrom and cysteine residues are represented by ball-and-stick models. (C)
Stereoview of the protein environment of NCS-chrom. Residues within 4 A of the NCS-chrom are
labeled. Both (B) and (C) were drawn with the program SETOR (33).



- Potent DNA ¢
studied by Ka

- Chromophore
aminosugar

Neocarzinostatin

(+)-NCS chromophore
- |solated from Streptomyces carzinostaticus

- Composed of a 113-amino acid protein component (apoNCS) and
a chromophore component (NCS-chrom)

eaving age

open, Gold
features a

Science 1993, 262, 2035-2040.

Nt, mechanism of action was heavily
oerg, Saito, Myers, and others.

Key epoxy-enediyne core, a napthoic acid, and an

Fig. 2. (A) Stereoview of the electron density map (blue) of the region surrounding NCS-chrom (red)
and neighboring protein (white). The map was calculated with 2|/F | — |F| coefficients for data
between 5 to 1.8 A resolution and contoured at 1.00. (B) Stereoview of the polypeptide fold of
holo-NCS. NCS-chrom and cysteine residues are represented by ball-and-stick models. (C)
Stereoview of the protein environment of NCS-chrom. Residues within 4 A of the NCS-chrom are
labeled. Both (B) and (C) were drawn with the program SETOR (33).



- Potent DNA ¢
studied by Ka

- Chromophore
aminosugar

Neocarzinostatin

(+)-NCS chromophore
- |solated from Streptomyces carzinostaticus

- Composed of a 113-amino acid protein component (apoNCS) and
a chromophore component (NCS-chrom)

eaving age

open, Gold
features a

Nt, mechanism of action was heavily
oerg, Saito, Myers, and others.

Key epoxy-enediyne core, a napthoic acid, and an

- Crystal structure of Holo NCS elucidated by Rees in 1993 by Rees
(X-Ray, 1.8 A resolution)

Science 1993, 262, 2035-2040.

Fig. 2. (A) Stereoview of the electron density map (blue) of the region surrounding NCS-chrom (red)
and neighboring protein (white). The map was calculated with 2|/F | — |F| coefficients for data
between 5 to 1.8 A resolution and contoured at 1.00. (B) Stereoview of the polypeptide fold of
holo-NCS. NCS-chrom and cysteine residues are represented by ball-and-stick models. (C)
Stereoview of the protein environment of NCS-chrom. Residues within 4 A of the NCS-chrom are
labeled. Both (B) and (C) were drawn with the program SETOR (33).



NCS - Mechanism of Action

What was known prior to Myers’ Independent Career

Mostly work by Kappen and Goldberg (1979-1980)
- Clear dependency on thiols for activation

- Reacting the chromophore with methyl
thioglycolate leads to a compound that appears to
oe the adduct with two extra hydrogens

- RHypothesized that a radical intermediate abstracts
the 5" hydrogen on the sugar backbone, leading to
DNA cleavage

- DNA cleavage is not aerobically dependent

- Napthoate functionality was hypothesized to
intercalate into the DNA minor groove

2



NCS - Mechanism of Action

What was known prior to Myers’ Independent Career Myers’ First Paper (1987)
PROPOSED STRUCTURE OF THE NEOCARZINOSTATIN CHROMOPHORE-METHYL THIOGLYC TE
MOStly Work by Kappen and GOldberg (1 979_1 980) ADDUCT; AMECHANISM FOR THE NUCLEOPHILIC ACTIVATION OFNEOCARZINOS'FA’(;‘:)NLAIE

: : : Andrew G. Myers
- Clear depeﬂdency on th|O|S for aCt|Vat|Oﬂ Contribution No. 7628 from the Arnold andg/Iabel B):ackman Laboratory of Chemical Synthesis

California Institute of Technology, Pasadena, California 91125

- Reacting the chromophore with methyl
thioglycolate leads to a compound that appears to
oe the adduct with two extra hydrogens

- RHypothesized that a radical intermediate abstracts
the 5" hydrogen on the sugar backbone, leading to
DNA cleavage

- DNA cleavage is not aerobically dependent

- Napthoate functionality was hypothesized to
intercalate into the DNA minor groove

Tetrahedron Letters. 1987; 28(39): 4493-4496. 8



NCS - Mechanism of Action

Myers’ First Paper (1987)

PROPOSED STRUCTURE OF THE NEOCARZINOSTATIN CHROMOPHORE-METHYL THIOGLYCOLATE
ADDUCT; AMECHANISM FOR THE NUCLEOPHILIC ACTIVATION OF NEOCARZINOSTATIN

Andrew G. Myers
Contribution No. 7628 from the Arnold and Mabel Beckman Laboratory of Chemical Synthesis
California Institute of Technology, Pasadena, California 91125

letrahedron Letters.

deuteration when using deuterated MTG

1987; 28(39): 4493-4496. 20



NCS - Mechanism of Action

Myers’ First Paper (1987)

PROPOSED STRUCTURE OF THE NEOCARZINOSTATIN CHROMOPHORE-METHYL THIOGLYCOLATE
ADDUCT; AMECHANISM FOR THE NUCLEOPHILIC ACTIVATION OF NEOCARZINOSTATIN

Andrew G. Myers
Contribution No. 7628 from the Arnold and Mabel Beckman Laboratory of Chemical Synthesis
California Institute of Technology, Pasadena, California 91125

Subsequent studies also confirmed the epoxide stereochemistry

letrahedron Letters.

deuteration when using deuterated MTG

1987; 28(39): 4493-4496. S0



NCS - Role of Aminoglycoside

Model system for
NCS studying the NCS Core

PivO

Journal of the American Chemical Society. 1992; 114(3): 1086—1087.

3



NCS - Role of Aminoglycoside

Model system for
studying the NCS Core

NCS

PivO
. MTG
g
Me 4 Et;N (0.3M)
- Highly unstable neat
- Reacts readily with MTG at -70°C - But completely inert to MTG (up to
60 °C) in the albsence of external

base

Journal of the American Chemical Society. 1992; 114(3): 1086—1087. 32



NCS - Role of Aminoglycoside

Model system for
studying the NCS Core

NCS

PivO

MTG

- Highly unstable neat

- Reacts readily with MTG at -70°C - But completely inert to MTG (up to
60 °C) in the albsence of external
base

Strong evidence that the amino sugar serves as an internal base to facilitate thiol addition

Analogous roles of aminoglycosides observed in other natural products (i.e. calichemicin)

Journal of the American Chemical Society. 1992; 114(3): 1086—1087. 33



TBSO
JACS 1991; 113(2): 694-695.

JACS 1996: 118(41): 10006-10007.

Synthesis of NCS

OH
O 8
O
OMe

Tetrahedron Letters. 1996; 37(5): 587-590.

CCl,

PN

HX~0 Me
M N
€ TESO

OTES

HN O

JACS 1998; 120(21): 5319-5320.

34



NCS - Fragment Syntheses

Me Me 0
Br I. Heck S
ii. Hydrolysis OH
MeO MeO
. Tosylation
iIl. lodination
OH -

Tetrahedron Letters. 1996; 37(18): 3083-3086.

Me (o) (o) Me OH O
acylation A oMe SOLCl X OMe
y ?
Cl
MeO MeO
. Silylation i. Methylation
| ii. Deiodination . Amine deprotection
BnON o iii. Cbz Protect;on BnO N o) Me ii. Imldat|or1>
; HO Cbz” | " TESO
OH OTES
. selenation o
ii. formylation

lil. selenoxide elimination

)
> 0

&
TBSO TBSO

OH
. photoisomerization OH
induced cyclization
ii. hydrolysis
O
OMe
CCl;
HN)\O
H
_N o) Me
Me TESO
OTES

Tetrahedron Letters. 1996; 37(5): 587-590.
JACS 1998; 120(21): 5319-5320.
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M \‘|
Me . 1.2 addition ¢ o)
Me+o i. [O]

o\)\
CHO

D-glyceraldehyde acetonide

NCS-chrom aglycon

-

Me

O

Synthesis of NCS-chrom Aglycon

. Wittig  HO :

o Deprotection
y

|. deketalization
Ii. carbamate formation
lil. 2° alcohol protection

Iv. dehydration

MeO I I OH

Me

.. 1° alcohol protection pme Me
li. Epoxidation >L o

Me Me

\ \ . PG manipulation 0><0

H V. 2° alcohol deprotection HO,, H ii. esterification

(K™
. O

N
&

0 o)

NN ii. 1° Deprotection o : (_),," L
~ AN iv. Ketalization NG ithiation, A TBS
> X - I

TBS HO,, o]
@*oj
TBSO
.. alkyne deprotection
ii. alcohol protection
lil. reduction
Iv. epoxidation
V. oxidation Y
Me
Me
o S
lithiation, addition o : 0,
/\
I "
H
TMSO,,,. CHO
IOH .’s
; IO
TBSO

JACS 1996: 118(41): 10006-10007. 36



NCS-chrom Aglycon

0
o/”\o

\_%
(

o

O O OH

MeO I I OH

Me

NCS-chrom aglycon

-irst synthesis

ighly Unstable

- Fresh batches were

prepared and purified
before biological studies

JACS 1996: 118(41): 10006—10007.
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NCS-chrom Aglycon

0
o/”\o
\_$i‘
(

NCS-chrom aglycon

- First synthesis

- Highly Unstable

- Fresh batches were
prepared and purified
before biological studies

Comparison of aglycon to NCS-chrom in DNA Cleavage Assays

8 w v wvww
% 88 £92%

Key takeaways: - § 8 ; f% f%
Aglycon does not react with thiol nucleophiles in the absence of base and i
DNA (consistent with model substrate studies) "ene

11
When incubated with DNA and apo-NCS, 10x the concentration of the - - ! =8
aglycon was needed to promote cleavage .. {i -
MTG induced cleavage reactions with NCS-chrom are less efficient in the oy = S88 —-
absence of apo-NCS - -
Supporting evidence that apo-NCS still binds to the aglycon L E
Sequence specificity of cleavage is the same (mainly AT pairs) =
- g=fd —:
Kinetic studies reveal the the RDS is likely thiol addition, which occurs as ; =4
a ternary complex of NCS, thiol nucleophile, and DNA - g &
- - - =T
Role of sugar is hypothesized to - 58—
e Stabilize NCS-chrom (as a steric group to slow e ==F
down the approach of free radicals) g
e Not be responsible for DNA cleavage 3 $=-8 =i
e Serve as an internal base to catalyze thiol attack JACS 1997: 119(13): 2965-2972.

| Upper

Region

Terminal
P—

Region

33



Total Synthesis of NCS-chrom

Completion of NCS total synthesis: glycosylation

CCl,

‘ \ HN)\

y MeHN &ﬁ/ﬁ\ Me y
4 TESO 7 Me
OTES 0 s
& BF,;eOFt & HFepyridine Me
o) o) OH o 0 (o) -+ OTES
Schmidt Glycosylation 5
MeO I I OH MeO I I OH MeHN OTES

Me Me

O

NCS-chrom aglycon NCS-chrom

JACS 1998: 120(21): 5319-5320. 39



Comparison to Fucose Analog

Fucose analog

Me Fucose analog (2)
Yty vil“vﬁm*v" R R R
5-CACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGAC-3"
‘l“r ‘tf‘ A* ?1‘ fl“ *LHLTIIA
|
I
NCS-chrom OYO 1Io8 chromophare (1)

Figure 1. Histogram of DNA cleavage, upper: 2 (0.05 mM), calf thymus DNA (1 mM), 3'-*?P labeled DNA (see text, 50
kcpm), NaCl (20 mM), Tris-HC1 (50 mM, final pH 7.5), MTG (3 mM), at 2°C; lower: 1 at 2.5-fold lower concentration (0.02
mM). DNA cleavage is normalized to the concentration of cleaving agent. After 30 min, each reaction was quenched; DNA
cleavage products were assayed by denaturing 8% polyacrylamide gel electrophoresis using storage phosphor autoradiography
for quantitative analysis

OH

Tetrahedron Letters. 1999; 40(28): 5129-5133. 40



Comparison to Fucose Analog

Fucose analog

Fucose analog (2)

Yoty vil“v“ﬂhn bt

5-CACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGAC-3'
‘lur 4“‘ A ”4 fnanun

NCS chromophore (1)

Figure 1. Histogram of DNA cleavage, upper: 2 (0.05 mM), calf thymus DNA (1 mM), 3'-?P labeled DNA (see text, 50
kecpm), NaCl (20 mM), Tris—HCI (50 mM, final pH 7.5), MTG (3 mM), at 2°C; lower: 1 at 2.5-fold lower concentration (0.02
mM). DNA cleavage is normalized to the concentration of cleaving agent. After 30 min, each reaction was quenched; DNA

cleavage products were assayed by denaturing 8% polyacrylamide gel electrophoresis using storage phosphor autoradiography
for quantitative analysis

0
NCS-chrom YO Key Takeaways

Kinetic profiles for DNA cleavage showed that the fructose analog is 3.3
(with MTG) or 4.6 (with GSH) fold slower with excess thiol

The two compounds have similar patterns of DNA cleavage

Pre-incubating the fucose analog with apo-NCS protects it from thiol
activation, likely a consequence of tight binding

Tetrahedron Letters. 1999; 40(28): 5129-5133. 41



Kedarcidin

Kedarcidin Chromophore

First discovered by BMS in 1992 through fermentation of
an Actinomycete strain

Like NCS, is composed of a enediyne chromophore and
an apoprotein for stabilization

47



Kedarcidin

OH
O

mycarose kedarosamine

Originally proposed structure, 1993
Leet, J. E. et al.

(CH3)>

Structural Revisions Throughout the Years

Revised structure, 1997
Hirama, M. et al.

-PrO OH
CH3OW

OCHs i

O~ -
OH | \—= OH
mm' : o

CHy 3C N(CH3),

Kedarcidin chromophore
(Revised structure, 2007)
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Structure Proposed
by Leet et al.

Kedarcidin on a Iimeline

Myers’ synthesis of Hirama’ synthesis revised
revised aglycone aglycone
iPrO l l OMOM iPro OAllyl
MeO ! ' ;(0 MeO :”:O‘ ,O
OMe HN, OMe HN,

iPrO OH
X,
MeO

OMe OH

omom  Hirama’ synthesis kedarcidin chromophore;
< 3% vyield for final step
Product proved to be highly unstable
HRMS spectra matches natural chromophore
no additional characterization data could be obtained

Myers’ synthesis of napthoic
acid component

.................. IIIIII,

1997 2000 2002

Structure Revision
by Hirama

Myers’ synthesis of
revised core

Myers’ synthesis of Hirama’s proposed Kedarcin:
Call for structural revision A



Dynemicin A

R = OH: dynemicin A

R = H: deoxydynemicin A

Isolated from Micromonospora chersina

45



Dynemicin A

COOH

OMe

R = OH: dynemicin A

R = H: deoxydynemicin A

NADPH mechanism first proposed by Semmelhack: Tetrahedron Lett. 1990, 31, 1521-1522. AR



Dynemicin A

R = OH: dynemicin A

R = H: deoxydynemicin A

TMSO

OTIPS

OMe
TMSO

J. Am. Chem. Soc. 1994,116, 11556-11557 47



Dynemicin A

Me
iPr O Me I. enolization )l i |
w )l, i. triflation m\ [Pd] m\ ' thermolysis
o~ o '
Me Me
O O OMe MeO OMe OMe
from (—)menthol
. triflation
N OMe | ii. epoxidation in MeOH
7 —1Bs ii. OTf cleavage
A . epoxidation ‘ ‘ | H Me
X"o i. desilylation O Me . PG Swap |
. hydrolysis iii. [O] )]\ I enedlyne msta!lahon
ii. thiocarbamate iv. KHMDS \/\0 Il amine protection N
< < ~OMe LOMe
OMe OMe
deoxygenation
Y9 OTBS OMe
)]\H'
X0 02N "o OTIPS
- - . desilylation ,
l. Carboxyla’[IOﬂ n MeOH deprotec“on
y > ; y
Oiii. methylation OMe . silylation : OMe

J. Am. Chem. Soc. 1994,116, 115566-11557 43



Dynemicin A

TMSO OTMS

OTIPS . CuCl, OQ

/ \
o
\

OMe i. HFePy

TMSO

dynemicin A (1)

Chem. Biol. 1995, 2, 33-43. 49



Dynemicin A

NADPH GSH
10 11 12 13

Comparison of dynemicin to synthetic C_A 1 10 11 12 13
analogs |
in DNA Cleavage Assays

Key Takeaways

OH O OH O OH

_
)

Little sequence specificity for cleavage .
observed

Different modes of activation result in
differences in cleavage efficiencies
between analogs

(AL R

M N

Mechanistically, 10 behaves as a
perfect analog of 1

R 2T )
22837

Chem. Biol. 1995, 2, 33-43. 50




Dynemicin A

COOH

OMe

OH O OH
dynemicin A (1)
Kg = (6+2) x 10* M

C02Me

OMe

O OH

4
Kg = (6+2) x 104 M

J. Am. Chem. Soc. 1995,117, 7/574-7575

Kg = (6+1) x 102 M

Kg = (4+2) x 108 M

Kg = (8+2) x 108 M-

Kg = (4+1) x 104 M

GSH NADPH
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Figure 2. Cleavage of a 5-P-labeled 193-base-pair restriction
fragment of pBR322 (EcoRl/Sspl digests) by 1—6 and GSH or NADPH
[calf thymus DNA (1.0 mM bp), restriction fragment (~10° cpm), tris-
HCI buffer (30 mM, pH 7.5), sodium chloride (50 mM), dynemicin A
or synthetic anthraquinone (0.05 mM), 37 °C, 12 h]. Reactions initiated
by addition of GSH (20 mM) or NADPH (20 mM), as indicated. Lane
C: 193-bp restriction fragment alone. Lane A: products from an
adenine-specific cleavage reaction (Iverson, B. L.; Dervan, P. B. Nucleic

Acids Res. 1987, 15, 7823).
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Dynemicin A

- ’ : . 5 .
a - “§8 =
OH O OH e ®» all +» .
dynemicin A (1) o 3 2 *E = a i ;
Kg = (5+2) x 10* M Kg = (6+£1) x 102 M’ Kg = (8+2) x 108 M a:z & & » : .
Weakest Binder Strong Binder ¢
HERIIEE
- - - -
- - : ' -
- - -8 -
- - -
as® ‘ = i ‘ =
== % 8gs - o

Figure 2. Cleavage of a 5-P-labeled 193-base-pair restriction
fragment of pBR322 (EcoRl/Sspl digests) by 1—6 and GSH or NADPH
[calf thymus DNA (1.0 mM bp), restriction fragment (~10° cpm), tris-
HCI buffer (30 mM, pH 7.5), sodium chloride (50 mM), dynemicin A
4 or synthetic anthraquinone (0.05 mM), 37 °C, 12 h]. Reactions initiated
) by addition of GSH (20 mM) or NADPH (20 mM), as indicated. Lane

_ 4 -1 _ 6 n -1 _ 4 pp-1 .
Kg = (5£2) x 10" M Kg = (4+2) x 10° M Kg = (4x1) x 10" M C: 193-bp restriction fragment alone. Lane A: products from an
Strona Binder adenine-specific cleavage reaction (Iverson, B. L.; Dervan, P. B. Nucleic

9 Acids Res. 1987, 15, 7823).
J. Am. Chem. Soc. 1995,117, 7/574-7575
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Dynemicin A

Takeaways

f the DNA-cleaving agent binds too tightly to DNA, activation is prohibitively slow

Weakest binder should be most reactive

Validated experimentally, where 2 is ~50-fold more reactive towards GSH than 1

However, at lower concentrations of DNA, 2 has decreased efficiency of cleaving DNA
compared to 1

Thus, the natural product, 1, seems to strike an optimal balance (evolutionary”) between

. Rate of Reaction with Nucleophile - where weak binding Is advantageous
and

i. Cleavage - where tight binding is advantageous

J. Am. Chem. Soc. 1995,117, 7/574-7575



Ene-diynes

neocarzinostatin chromophore

dynemicin A

kedarcidin chromophore

iProO OMOM
OO
MeO

OMe HN,

o OTIPS

N1999A2

OH HO OH
o)
\_¢ =
\_¢ =
Cl OMe

o4



Ene-diynes

Overarching Research Theme

Utilize convergent syntheses of
complex molecules for

1) the interrogation of biological
mechanisms

2) structural elucidation

3) Unsuccessful (so far) in
synthesizing unnatural
analogs for improvement of
bioactivity

neocarzinostatin chromophore

dynemicin A

kedarcidin chromophore

iProO OMOM
OO
MeO
HN,

OMe
Cl

o)
N~ o OTIPS
\
o)
LS
o

H

N1999A2

OH HO OH
(o)
\_¢ =
\_¢ =
Cl OMe

OO



DNA Alkylaters

(—)-saframycin

OMe

(0]

Me

MeO o) H
o Me OMe H
(o) )
(o) 0. H .0 OH
(o)

o0



DNA Alkylaters

(—)-saframycin

OMe

Mechanism of Action

Nucleophiles or reductants trigger aromatization of quinone, facilitating intercolation

Protons promote iminium formation, which can be attacked by N2 of Guanine,
resulting in DNA alkylation

Mechanism of Action Ho;g e
Crescent shape facilitates binding to the minor groove of DNA (GC-rich sequences) "1 0° M Me W
Spiroepoxide is susceptible to attack by N7 of Guanine, resulting in DNA alkylation g owe T




DNA Alkylaters

Related Natural Product: ET-743
(Yondelis, FDA-approved in 2015)

ET-743 (2)

For the treatment of advanced soft tissue
sarcoma such as liposarcoma and
lelomyosarcoma

(—)-saframycin
OMe

MeO o) H
Q Me OMe H
meo” ) I
o p
o 0.0 OH
o

o3



Synthesis of Saframycin

OMe
CH,0
Me OMe OH
Me CHO OMe
Me OMe NH2
NH,
> > MeO OHC Me
MeO
iy OH  cho OMe
NHFmoc k HCN
NHFmoc

(—)-saframycin

JACS 1999: 121(36): 8401-8402.
JACS 1999; 121(46): 10828-10829.



Synthesis of Saframycin

(—)-saframycin

Key Method: “C-protected” a-amino aldeydes

OH

OMe
NH,

OHC Me
OMe

JACS 1999: 121(36): 8401-8402.
JACS 1999; 121(46): 10828-10829.

NH,

R
prone to epimerization

See: J. Am. Chem. Soc.
2000, 122, 3236-3237

OMe
CH,0
Me OMe OH
Me CHO OMe

OMe NH,

NH,

> MeO OHC Me
éN OH CHO OMe
NHFmoc k HCN
NHFmoc

CN

NH
- [/”\N 2
o M
R

Stable to silica gel and mild acids

Minimal epimerization olbserved during
formation and subsequent
manipulations (i.e. mannich, reduction,
pictet-spenger)

o0



Synthesis of Saframycin

(—)-saframycin

Key Method: “C-protected” a-amino aldeydes

OH

OMe
NH, NH,

L

OHC Me
OMe

R
prone to epimerization

See: J. Am. Chem. Soc.
2000, 122, 3236-3237

JACS 1999: 121(36): 8401-8402.
JACS 1999; 121(46): 10828-10829.

CN
NHFmoc

CN

NH
- [/”\N 2
o M
R

Stable to silica gel and mild acids

Minimal epimerization olbserved during
formation and subsequent
manipulations (i.e. mannich, reduction,
pictet-spenger)

OMe

OH

CH,0
OH
CHO OMe
NH,
NH,
OHC Me
CHO OMe
k HCN
NHFmoc

Similar strategy was applied

towards the synthesis of
QOOH

H

(—)-quinocarcin

JACS 2005; 127(48): 16796-16797.
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Synthesis of Saframycin

OH
NH,

OHC
OMe

Me
MeO OMe

TBSO

FmocHN CHO

N-protected
96% ee

JACS 1999; 121(46): 10828-10829.

OMe
Me
OMe
HO Me
OMe
Na,SO
H,N ooy

C-protected
92% ee

Me
MeO OMe
HO
TBSO
FmocHN |
N

OMe

Me

OMe

99% ee

o



Me

MeO OMe

TBSO

FmocHN CHO

N-protected
96% ee

JACS 1999; 121(46): 10828-10829.

OMe
HO Me

OMe
HoN

NCEIO

C-protected
92% ee

OMe

Synthesis of Saframycin

[ Me
MeO OMe
OMe
HO Me
TBSO TBSO
FmocHN | OMe -
N
NC”: N/\
H
(o

Na, SO, FmocHN OMe
NC”: N/\I
H
O
o T 99% ee
I. reductive amination
Il. deprotection
Me Me
MeO
Me
Mannich TBSO
In the presence
of TMSCN OMe
- FmocHN

03



Synthesis of Saframycin

Me
OMe MeO MeO
Me
Me

H
Mannich TBSO CHO TBSO

In the presence k

Me OMe = o TMSCN OMe NHFmoc
- FmocHN -

&N ;
NHFmoc NC g N/\

I. Fmoc deprotection
ii. acylation

OMe
Me
oxidative
Me OMe demethylation
y

CN
NHCOCOMe

(—)-saframycin

JACS 1999; 121(46): 10828-10829.



Saframycin Analogs and Antiproliferative Activities

Prior to approval of Yondelis, Saframycin derivatives were studied as a potential ~ 12ble 1. Some of the Most Potent Bishydroquinone Derivatives of
: " . . . - Saframycin A and Their Antiproliferative Activities
alternative that mitigates side effects such as body weight loss and hepatic toxicity.

leo. nM |C50, nM
N = A375  A549 N = A375  A549
i N:C=N Saframycin A (1) 53 133 i) -
M — N"‘ —
N™ 2 (8) 4.5 160 0o \=
HOBT "o S
Pure ? N?,/-l\j;' (10) 1.7 9.2
RCO2H . NI'K,-O 13 290 o
= Saframycin A H oLy ?L
Y - AN
_.NH Derivatives JCE u [ ) 3.3 40
& (' > /0 analogs prepared s Tg ) 2.4 39 o
Nf/\ ) o F N7 |[\ l 2.5 32
)2 NSNS 2.5 a7 E') N
Mix-and-Filter Ho L LN~
: 1) 13 .
oM Coupling Procedure O ?H H l;[\J ) 44
© ”JI‘j (7) 1.4 14 (l)L \ oH
7 NT LT 120 14 46
i ?H o NN
N S ,-u . ~
Hon ) ® 18 " N TNT\ (13 20 35
"o~ ocH
) P X n "
N @ 12 6.5 N K[ T (14 15 4.1
H - H \_\74 \/ .
o 7 "CHy o of
A OND A
NHCOCOMe QJ\( ) 7 25 ST T ) asm 12 47
T TBr NN
0 O
H [ 1.9 g7 CHNH TN 16)0 56 78

JACS 2001; 123(21): 5114-5115. A375 melanoma and A549 lung carcinoma 03



Saframycin Analogs and Antiproliferative Activities

Table 1. GI50 values for the in vitro growth inhibitory effects of

reference compound 3 in tumor cells from different tissues

3
Cell type Histology GI50* (nM)
DLD-I Colon 8.1
HCT-116 5.8
HT-29 7.5
CWR 22Rvl Prostate 1.1
DU145 6.9
PC-3 6.2
A549 Lung 10.7
H1299 6.2
MDA-MB-231 Breast 4.5
HeLa-S3 Cervical 6.6
HT-1080 Fibrosarcoma 5.0
BxPC-3 Pancreatic 5.8
Nalm-6 B-cell leukemia® 0.6
P12 T-cell leukemia® 1.9

Table 2. GIS50 values for the growth inhibitory effects of saframycin analogs in tumor cells

* Cells were grown in culture to a specific cell density and treated with

compound for a period equal to two cell doubling times.

®Ref. 13.

X Y Yield (%) GIS50 (nM)

HCT-116 DLD-1 PC-3 A549
Sa CN H 72 5.5 ND" NDP ND"
5b CN Tetrahydropyran-4-yloxy 60 3.2 8.3 2.7 18.9
Sc¢ CN 2-(N-Morpholino)-ethoxy ND* 8.1 224 11.7 57.5
5d OH Tetrahydropyran-4-yloxy 58 5.5 10.4 5.0 20.6
Se H Tetrahydropyran-4-yloxy 45 >300 ND" NDP ND"
6 44 17.3 26.5 16.5 ND"

“Yield of last step not determined; "GIS0 value not determined.

Bioorganic and Medicinal Chemistry Letters. 2006; 16(18): 4884-4888.
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DNA Alkylaters

trioxacarcins

MeO o) H
o Me OMe H
meo”, I
(o) p
(o) 0. H .0 OH
o
M OH
M 'O H
o
OH

or



Trioxacarcins

DC-45-A1 LL-D49194a1 Trioxacarcin A

O H o

Me \
(o) O H M

a-Trioxacarcinose B DC-45-A2 a-Trioxacarcinose A

PNAS U.S.A. 2011, 108, 6709-6/714.



Trioxacarcins

DC-45-A1 LL-D49194a1 Trioxacarcin A

O H o

Me \
(o) O H M

a-Trioxacarcinose B DC-45-A2 a-Trioxacarcinose A

PNAS U.S.A. 2011, 108, 6709-6/714.



Trioxacarcins

DC-45-A2

Key Synthetic Precursor:
Orthogonally Protected DC-45-A2

PNAS U.S.A. 2011, 108, 6709-6/714.



Trioxacarcins

OPMB
CN t-BUOLi; KQOS4’2H20
Me DMS NalO,, 2,6-lutidine
(o) > >
THF, -78°C - 23 °C H,O/THF
Me” “X ‘OTBS
momo  © 0

O O O,
M OMN /B—Br bCM
e ) o v
o |

OMe
(slow addition) MeO  OPMB MeO  OPMB

Rh,(OAC),, 4A MS
-

DCM, 23 °C
mechanism??

" 0-g;i°
/ _~tBu
tBu

Endo Cycloadduct 2 Exo Cycloadduct 1 Exo Cycloadduct 2
PNAS U.S.A. 2011, 108, 6709-6714. /'



Trioxacarcins

o)
OPMB . DDQ
i. EtsNe3HF
» [DC-45-A2
H . 0 OTBS
Si
O / tBu |
tBu Key Synthetic Precursor:
Orthogonally Protected DC-45-A2
Endo Cycloadduct 1 Endo Cycloadduct 2
ndo Cycloadduc Et,Ne3HF
y
OPMB . DDQ
i. EtaNe3HF
» |S0-DC-45-A2
H ONSMO OoTBS
/ 'S tBu OMe

tBu

ISO-precursor

Exo Cycloadduct 1 Exo Gycloadduct 2

PNAS U.S.A. 2011, 108, 6709-6714. /2



Trioxacarcins

CH,0 CH,0
CHYO 09Ch  cH0 om CHO 00LCH  cH,0
H i Iy o NS H i Ay s N
0 0 )
H OH o‘n--o OH H OM O‘H (o)

Analogs of DC-A5-42
DC-45-A2 (1) is0-DC-45-A2 (25) dideoxy-DC-45-A2 (26)

ICso (Hela) 56:13uM >83uM 0.12:0.04 uM
ICso (H460) 5104 uM >83uM 015003 uM
ethidium bromide C DC-45-A2 (1)

dideoxy-DC-A5-42 (1) is more potent than DC-45-A2 (26) B

Tmé 30m 1th 2h 5h 10h 20h S0h
dideoxy-DC-45-A2 (26)

in-gel fluorescence

is0-DC-45-A2 (25) is inactive N N . mmaaa

control 1 25 26

| [)E)A‘ | | DC-415-A2 §A‘ . ? ISO-D(;-;.')-AZ
1 and 26 are shown to modify a short DNA 3 (R 13 \ ®
duplex (12 base pairs) with a single guanine LA L A
(G) In the center. Y Mime(min A
. ¢ dideoxy- . ® dideoxy-DC-45-A2
- ,l\ | pC-45-A2 § _ | i | (26)
§§ .‘ \.‘ (26) §§' | piperidine, A
23] \ \\, E 3 | ‘.\
Eo n ,f/| VA 56 ;\‘% _
85 90 95 100 85 90 95 100
Time (min) Time (min)

Fig. 4. Synthetic nonglycosylated trioxacarcins, their antiproliferative activities in cultured human cancer cells, and DNA-modifying effects. (A) ICs, values for
DC-45-A2, iso-DC-45-A2, and dideoxy-DC-45-A2 measured in Hela (cervical cancer) and H460 (lung cancer) cells lines. (B) Images of TBE 20% polyacrylamide gels
of the products of the reaction of the self-complementary duplex 12-mer d(AATTACGTAATT) (100 uM) with DC-45-A2 (lane 2, 100 uM), iso-DC-45-A2 (lane 3,
100 uM), or dideoxy-DC-45-A2 (lane 4, 100 uM) for 2 h at 23 °C; visualized with ethidium bromide and by in-gel fluorescence. (C) Images of TBE gels of the
products of the reaction of the self-complementary duplex 12-mer d(AATTACGTAATT) (100 pM) with DC-45-A2 or dideoxy-DC-45-A2 (25 uM) at 23 °C for the
indicated times; visualized by in-gel fluorescence. (D) LC-MS chromatograms of reaction mixtures of the self-complementary duplex 12-mer d(AATTACGTAATT)
(100 uM) and (/) DC-45-A2 (100 uM), (i) iso-DC-45-A2 (100 uM), or (iii) dideoxy-DC-45-A2 (100 uM) after 24 h at 23 °C; iv depicts the LC-MS chromatogram of
the reaction mixture of the self-complementary duplex 12-mer d(AATTACGTAATT) (100 uM) and dideoxy-DC-45-A2 (100 uM) after 24 h at 23 °C followed by
the addition of piperidine (1 M) and heating for 30 min at 95 °C; ®, (AATTACGTAATT); [, (AATTACGTAATT « 1); ¢, (AATTACGTAATT « 26); B, (pTAATT);

O= (AATTACp).
PNAS U.S.A. 2011, 108, 6709-6714. /3



Trioxacarcins - Glycosyidic Analogs

a-Trioxacarcinose A Q- lrioxacarcinose B

‘H
DC-45-A1 monoglycoside (trioxacarcinose B containing) Trioxacarcin A
Glsg =37 + 7 nM Glgg =767 £ 74 nM Glsg = 0.85 + 0.36 nM

Organic Letters. 2011; 13(20): 5584-5587.  Organic Letters. 2012; 14(/): 1812-1815. Nature Chemistry. 2013; 5(10): 886-893. /4



Trioxacarcins - Glycosyidic Analogs

25
Glgg (H460) 4.5+ 2.0 nM

CH;0
CH;0 0 O Hs CH30 OBn

H L =9
oH Q.‘,‘

HO H---0
CHz OH
CH377[-0 H
0O
OH

28
Glgo (H460) 315 + 58 nM

CH30 J<O
CH;0 O 0 Hs CH50 O

O.
H OH H---O
26
17 + 2 nM
CH;0
CHO7NOPCs  cHyo  (oH
H duT =S
° o
Ho “H-O  OH
CHz OH
CH377-0 H
0
OH
9
767 + 74 nM

27

29
19+ 7nM

30

Glso (H460) 102 + 3 nM

33
Glso (H460) 374 + 87 nM

31

34
>2,500 nM

32

35
>2,500 nM

No SAR discussed, but synthetic strategy is clearly effective at generating a variety of analogs

Nature Chemistry. 2013; 5(10): 886-893. /O



Trioxacarcins - Evidence for Mechanism of Action

O CH
CH30M> e 5'(AACCGGTT)
& % Q 3'(TTGGCCAA)

081 o, -
O«
HO H--O
CH;  OH
CH3 =0 H 3
@)
OH
Scheme 1. Formation of guanine adduct 6 from the fully synthetic trioxacarcin analog 3.
OYcHs
H,C O
HO/&CH?’ Oy H
CH30 7—NH
CHsQ H 5'(CGTATACG) * -_ 9 HAC N/KN}— 2
_\ NHie =
CH0 QPNCHs  cHyo 0T N 3'(GCATATGC) B CH3°MN Va
H H QQ H g - O\HZ KO .Q
KO O-. _©O
O\ H O H—O‘~-H
H H-O  OH CHs  OH
3/ 1 H . . o
trioxacarcin A (1
Ef (1) HO
HO
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Trioxacarcins - Evidence for Mechanism of Action

5(CGTATACG)
3'(GCATATGC)

-

trioxacarcin A (1)

1 DNA alkylation T [O]

O

YC H3 H3C OAc

H3C O H3C H3 /@H3
N H

CH3O }"NHz O
H
H B

Base H H--C-eo H o

: o  HA-O--C O H--0—-
tal H H

catalysis CH, OH =) CH, OH
CH377~0 H CH37 170 H
gutingimycin (2) o) 0O



Combatting Antibiotic Resistance

Perhaps Myers™ Most Impactful Work

Tetracyclines

(—)-tetracycline

Macrolides

Erythromycin

Overarching Research Theme

Convergent

|[dentification of Clinically Relevant Targets

Routes with High Modularity

v

SAR Exploration

v

LiIncosamides
S OH

Lincomycin

s



letracyclines

Widely prescribed class of antibiotics since the 1950s

(—)-tetracycline

natural product produced on large
scale by fermentation

respiratory infections

a-

U

(—)-doxycycline (—)-minocycline

both are non-natural antibiotics and are manufactured by
semisynthesis

Commonly prescribed for

- achne

S - rosacea

S

Lyme disease

Other systematic bacterial infections

Science. 2005; 308(5720): 395-398.

79



Tetracyclines - Convergent Synthesis

(—)-doxycycline

X = H or OCO,Bn

Science. 2005; 308(5720): 395-398.

380



Tetracyclines - Convergent Synthesis

A. eutrophus MCPBA o
- CO.H » O, CO,H
CO,H 7t -

= OH = bH
OH OH
(>250g scale) |
NMe, i. TMSCHN,
i. TBSOTS, Et3N
Me\ ,Me o
. mechanism? NMe, | N Y
i. LIOTf Li 7
il. TFA N OBn ’
o - 0
TBSO’ : TBSO“‘\
IBSO 0 OBn i COo,Me
TBSO

Science. 2005; 308(5720): 395-398.

31



Tetracyclines - Convergent Synthesis

n Z
O O
N N
Z
L
Z
L
N--------

PPH5, DEAD;
NBSH

. CBr,, PPhs
i. PhSH, EtsN

.. HCI
ii. IBX
ii. TBSOTT

. BnO,CCl, DMAP Me_ Me
i. TBAF, HOAC BnO,CO N
il. IBX : H

iv. TBSOTT, Et5N

-

Science. 2005; 308(5720): 395-398.

87



OBoc

Et

CO,Ph

Tetracyclines - Convergent Synthesis

LDA, TMEDA

. HF
i. Hy, Pd

then

(—)-doxycycline

Science. 2005; 308(5720): 395-398.

83



Tetracyclines - Convergent Synthesis

Me
\ L 3
Me\ ,Me Me\ ,Me ‘ P
i. HPyeBr, OTES . EtsNe3HF, THF
ii. PhSH, DBU OBn ii. IBX, DMSO
y y
85 °C, neat
SPh
TFA; m-CPBA
-78 °C -> 35 °C
H,, Pd O,, spontaneous

(—)-tetracycline

JACS. 2005; 127(23): 8292-8293. 84



Tetracyclines - Convergent Synthesis

Convergent Assembly of
Structurally Diverse
Tetracyclines

D-Ring Precursor

Et
COzPh

BocO
20

~

CO.Ph

COzPh

CH,Br
‘ ‘ CO,Ph

OCHs

Bacterial Strains Tested |
Gram-Positive Organisms
S. aureus S. epidermidis | S. haemolyticus | E. faecalis
ATCC 29213 ACH-0016 ACH-0013 ATCC 700802
Gram-Negative Organisms
P. aeruginosa | K. pneumoniae E. coli E. coli E. coli
ATCC 27853 ATCC 13883 ATCC 25922 ACH-0095 pBR322
Conditions Tetracycline Analog MIC (pg/mL)
1. LDA, TMEDA. 4 1 |os| 2 [os5 -
~78 — 0 °C (81%)
- >64 | 8 4 16 16
2. HF, MeCN o
3. Hp, Pd (85%) HO 0O HOHO 0
(~)-6-Deoxytetracycline (6)
(14 steps, 7.0%)
CHy. _CH
Wy
1. LDA, DMPU; 4 H,C : . OH >64 | ND | ND | ND E
~78 — 0 °C (67%)
HN NH; >64 | ND | >64 | ND | ND
2. H,, Pd(OH),
3. HCI, MeOH (74%) O O HOHO O
A Pyridone Derivative (7)
(14 steps, 5.0%)
1. 4; LDA, HMPA
95 — 50 °C (76%) 8 | 2|8 | 2 -
2. Hp, Pd 6 >64 | 16 2 >64 | 64
o/
3. HF, MeCN (79%) O HO H O 0
A Pyridine Derivative (8)
(14 steps, 6.1%)
CHs \N,CHg
~100 — ~70 °C (81%) —
5. HF. MeCN >64 | ND | 32 | ND | ND
3. Hy, Pd (83% 0
2. Pd (83%) O HOHO O
10-Deoxysancycline (9)
(14 steps, 6.8%)
1.4; n-BulLi
~100 —» 0 °C (75%) o5 | 1 [ 1 -
2. HF, MeCN
>64 | >64 | >64 | >64
3. Hp, Pd
4. BBr,, CH,Cl,
~78 — 23 °C (74%)
A Pentacycline Derivative (10)
(15 steps, 5.6%)
EENENENL
Testing Control: 32 | 32 1 | >64 | >64

(=)-Tetracycline (1)

Initiated a platform that allowed for the

synthesis of more

‘han 3000 tetracycline

dl’

alogs

Science. 2005; 308(5720): 395-398.
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|dentification of Most Potent Analog

TP-434 (eravacycline)

Systematic exploration of analogs led to identification of TP-434 as a lead target

MIC90 values of <2 ug/ml against panels of all major bacterial species (Both Gram-positive
and Gram-negative) except for Pseudomonas aeruginosa and Burkholderia cenocepacia

Tetraphase Pharmaceuticals (founded by Myers) began advancing TP-434 in preclinical development in 2008

FDA approved eravacycline (Xerava) for complicated intra-abdominal infections in 2018

Antimicrob. Agents Chemother. 2013, 57, 5548-5558 &0



Combatting Antibiotic Resistance
Perhaps Myers™ Most Impactful Work

Macrolides

Erythromycin

Overarching Research Theme

Convergent Routes with High Modularity

v

SAR Exploration

v

|[dentification of Clinically Relevant Targets

8/



Macrolides - Dependency on Semisynthesis

Nature. 2016: 533(7603): 338-345.

Me
OH
‘Me NMe,
“, HO Me
‘0 O
“0 OMe

oS
O OH

Me

Erythromycin (Fermentation product)
1952

/N —N

US FDA appoval

Telithromycin (12 steps from erythromycin)

US FDA appoval

2004

OH

Clarithromycin (6 steps from erythromycin)
1991

Cethromycin (9 steps from erythromycin)
Former clinical candidate

OH

Azithromycin (4 steps from erythromycin)
1991

/N —N

Solithromycin (16 steps from erythromycin)
Former clinical candidate
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Macrolides - Convergent Strategy

Nature. 2016: 533(7603): 338-345.

OTIPS
a 0
PY
Target topology CH3 CH3
"9 O
0 Ph O 4 5
Ha C/U\(\ CHs . 'I\' a
- 93%
OTBDPS OH CHs . ) )
R R R
O o 96% 97% 92%
1 2 19 18 17 16

}( N(CH3); Y
o w0752
98% NS oy [ 0=/ cH, 91%

Q-90=-0 O o 9

dl.
92%

Q—
96%
12 13

From 1 and 2: 10 steps, 32% yield HzN
From 4 and 5: 10 steps, 32% yield

Modular building blocks: 8
Convergent coupling reactions: 7
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Macrolides - Convergent Strategy

Nature. 2016: 533(7603): 338-345.
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[¢]
CHy
FSM-21880
FSM FSM-120362
NH,
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e N/
H\
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NH,
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N NP2 3
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3
FSM. FSM-21877
* stereochemis FSM-120385

analogy; not rig¢

NH,

CH;

FSM-120417

NH,

CH,

FSM-120421

NH,

FSM-130187
NH,

n=N

N/

N(CH3)z

CHs
FSM-80315

FSM-20919

Fully Synthetic 15-Membered Azaketolides (cont'd)

’?I' NH, NH, NH;
N =N
[ Y
N_/ N7/
O,
H o
H1C
~a
N(CH3), N(CH3), N(CHs),
HOZ oL cH, CH; CH;
FSM-22 CH,
FSM-100163
H,N N=
N=p N~
N
Oﬁ—
Q 0,
HaC
b ~
Hs( b N(CH3); N(CHa),
CH4 CH,
CHy
FSM-11094 CHy CHy
NH FSM-100175 FSM-100228 FSM-100230
HoN 2 * stereochemistry assigned by
2 _N ) . ;
N N analogy; not rigorously confirmed
=N N/
NN
NH, NH, NH,
[ .‘\CH3 plr.N N:N N:N
OCH, N-/ N-/ N7
o
1CH3 N(CH3) "
(o} 32 HsC'
. HoZ\j
N 0 O~AL-CH; HiC CHs CHs CH;
Hag (0] OCH3 OCHQ OCH3
“ICH, N(CH3), “1CHy N(CH3), "ICH;, N(CH3),
. N Hoz\g e . HOZ\Q
FSM-60434 oHOLoL ch, 0 O~/L-CH, F7~ ‘0 O~L-CHy
NH; 0 ~ 7o (o]
HsC F CHj
HoN
2 N NH; FSM-11462 FSM-11461 FSM-11453
=N =N —
N—
NN N,
N N/ \N’N
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o}
HsC
¢ t HiCo,
'CH, N(CH3), N(CH3), N(CH3),
Hy o HOZ OﬁCHa O~LCHy CHs
(0] (e}
FSM-60583
CH,
NH,
HzN — FSM-20715 FSM-20708
NQ\ \ /
N = NH
N, HO.__O g
N ]
Ox CHy H
OCHs o. LGN\ CH, CH;
o3 “ICHy N(CHa), *_0 N OCHs OCH,
v
o0 Zoﬂcri3 HyC “1CH; N(CHa), “'CHy N(CH3), N(CHg),
o HsC o o-HOZoL ch, 0 HOZS ch, CH,
(0] [e] 0
FSM-11281 CHj
FSM-20710 FSM-22048 FSM-22134

H3C. .

“ICHy N(CH3),

HOZ S5 Z ch,

o

FSM-100177

NH

" 'CH3 N(CHz),

"o HO Lo cn,

FSM-11445

""'CH3 N(CHs),

H3C\‘ ’
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CH,
FSM-20706
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CHs
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Macrolides - Convergent Strategy

Nature. 2016: 533(7603): 338-345.
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Macrolides - Convergent Strategy

A) 1040 ' B) 1040 4
As of 2021, more than 2500 macrolides have | |
been prepared using Myers’ strategy | : P s | . IR
800 - : . = 800 1 . " . - s
§ 7204 l i ' o ! : § - ; ! ! °
! : ! i 3 o ! .
640 3 ¢ . 640 °
This huge library has enabled correlation of _ | ! ! f L N .
physicochemical properties to enhanced activity, | ' ! : £ ' . | * : 3
especially towards the development of antibiotics
for Gram-negative bacteria . [ 1] | , | _ | |
E. coli MP74 MIC (mg/L) Permeability Ratio
C) 3754 1 ] D) 3754 T .
Novel Platform Macrolides d 4 351 4
5 Traditional G-pos g g
) macrolides _ 3. y . 3! y
e 2154 ¥ . : e 2754 | : y
? %’ « : v v % ; ! v
2 v % 254 v : % 254 I ! :
g ' g 2254 v ! : Y g 225+ : - g g
e 19 § 50, Optimized.G-neg 2 .28 ’ v i ' i ? ; ' 2 - y ! ’ ' ! *
G-neg agents 3 . . B e o e 830 . L\Eﬁxfé’é%wm as) v ' : : s | ¥ : v
4 E ° o N o " : v v M M . 3 ' i " L4
MW 0585 1 b J 3 p:mmy:m 0 » 50 100 1 F 4 b} $ Em;: . 20 b o) 80 100

Figure S. Correlation of physicochemical properties with target engagement, permeability, and efflux: (A) E. coli MP-74 MIC vs MW, (B) permeability
ratio vs MW, (C) permeability ratio vs average charge at pH 7, and (D) efflux ratio vs average charge at pH 7. A, compounds with permeability and

Acc. Chem. Res. 2021, 54, 1635-1645 efflux ratios <4; ¥, compounds with permeability or efflux ratios >4. o))



Combatting Antibiotic Resistance

Perhaps Myers™ Most Impactful Work

LiIncosamides
S OH

Lincomycin

Overarching Research Theme

Convergent Routes with High Modularity

v

SAR Exploration

v

|[dentification of Clinically Relevant Targets
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Me
~s OH
HO O Me
HO
OHHN 0]
H,,
N,Me
Me
Lincomycin

L Incosamides

Me
~s cl
HO O Me
HO
OHHN O
H,,
N,Me
Me
Clindamycin

FDA Approved in 1970

Me

~s cl
HO O Me
HO
OHHN O
H,
NH
Me

Pirlimycin (Pirsue)

J. Am. Chem. Soc. 2021, 143, 6829-6835

94



L Incosamides

Me Me Me
~s OH ~s Cl S Cl

0 ' 0 HO % Me

HO Me HO Me o
HO HO HN O
OH HN 0) OH HN o) OH )
Hi'. HI'. ". NH
N,Me N,Me
Me Me Me
Lincomycin Clindamycin Pirlimycin (Pirsue)

ﬂ de novo synthesis needed!

Methylthiolincosamine (MTL)

J. Am. Chem. Soc. 2021, 143, 6829-6835 95



L Incosamides

[Cul i _

x OH OBn
O ?Bn | L O : :
CHO : |P|’NEt2 A . EtSN
Z " me Vi Me
TIPS NO, | TIPS NO, 1
unexpected Nitroaldol cyclization
1. TBAF
2. TBDPSCI
. NaHB(OAG)s
TBDPSO ~ OH  OBn TFA/MeCN
: : i. Teoc-OSu, EtsN
= Me <
H O——NTeoc
W(CO)g
DABCO, hv
TDBPSO TDBPSO
| . TBAF Me<s OH
- DMDO TMSO,,, o i Na® NH5-THF
Il TMS-SCHS, TMSOTf N— Teoc i ZI’]O, AcOH

Me

» HO

OH NH,

Me

BnO

J. Am. Chem. Soc. 2021, 143, 6829-6835
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L Incosamides

Table 1. Structures and Minimum Inhibitory Concentrations (#g/mL) of Selected Lincosamides Prepared by the Route
Described

0
|
H4C. 0 N
HAC cl Q)\ N/E S/:f @
d Cl Cl Cl Cl

S
HO - Ll CH;, HO HO Q CHa

37 43 44 45 46
(20 LLS) (24 LLS) (23 LLS) (24 LLS) (24 LLS)
|
HiC g o HsC- H4C- HiC. g < HiC. g "

s N S | =
HOM HOM HOM HOM HO\M
HO 4 HN._O HO & HN._-O HO b HN._O HO 5 HN._O HO b HN._O
H.. H.. H.. H.. H,.
N—’CH3 N’CH3 N-'CH3 NfCH3 N-’CHQ

~
~

HsC H4C H4C HsC H4C
42 47 48 49 50
(16 LLS) (20 LLS) (19 LLS) (18 LLS) (19 LLS)
Species Description Linco Clinda 5 37 43 44 45 46 42 48
S. aureus ATCC 29213 16 8 | 32 8
S. aureus BAA 977; i-ermA . 4 8 NT 8
+ S. pneumoniae  ATCC 49619 1 4 2
£ S. pneumoniae  MMX 3028; c-ermB 16 NT NT
8 S. pneumoniae  MMX 3031; c-mefA NT NT
S. pyogenes ATCC 19615 8 2
S. pyogenes MMX 946; MLSg 4 NT NT
E. faecalis ATCC 29212 NT
| K. pneumnoniae ATCC 10031 NT NT NT
g E. coli ATCC 25922
& P.aeruginosa  ATCC 27853 NT NT NT
H. influenzae ATCC 49247 NT NT NT

MIC Color Scale (ug/mL) [ISOOBIINOA2INT0.257" 05 1 - 4 8

—
(2}

J. Am. Chem. Soc. 2021, 143, 6829-6835 97



L Incosamides - lIboxamycin

Me Me Me
s Cl s Cl s Cl
HO O Me HO O Me HO O Me
HO HO HO HN .0
OH
“‘ H
o NH

Central
" s protuberance

S90S

________________________________________

b mx G
y C €~ 1|u2s06 G505

Nature, 599, 507-512 (2021)

Me

']
L ]
~
~

~

Me

[ A-tRNA (drug-free)

,. \ \ ] A-trnA (BX)
A\ B Iboxamycin (IBX)

Structure optimization of an initial hit gave rise to IBX, which proved effective against

oraite many MLSB (Macrolide-Lincosamide—Streptogramin B)-resistant pathogens

 fMet-tRNA
R— %mm Crystallographic data shows that IBX binds in the peptidyl transferase center (PTC) and
R . A 20" nascent peptide exit tunnel (NPET), overlapping with the clindamycin binding pocket.

Most molecules (i.e. clindamycin) fail against Erm-Modified Ribosomes, but IBX is able
to new hydrophobic interactions with the A-site cleft to stabilize binding interactions

However, it was noted that flexibility in the molecule [imited some interactions
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Nature, 599, 507-512 (2021)

Gram-positive

Gram-negative

L Incosamides - lIboxamycin

Me
~s o
HO ©
HO
Species Strain description
S. aureus ATCC 29213
S. aureus Clinical; MDR, c-ermA
S. aureus Clinical; msrA
S. aureus Clinical; cfr
S. epidermidis Clinical; cfr
S. haemolyticus Clinical; LNZ-R, MEC-R
S. pneumoniae  Clinical; c-ermB
S. pneumoniae ATCC 700673; MDR
S. pyogenes ATCC 19615
E. faecalis ATCC 29212; IsaA
E. faecalis Clinical; c-ermB
E. faecium Clinical; VRE, vanA
C. difficile ATCC 700057
B. fragilis ATCC 25285
E. coli ATCC 25922
K. pneumoniae = ATCC 10031
K. pneumoniae  Clinical; FQ-R
K. oxytoca Clinical
A. baumannii ATCC 19606
P. aeruginosa ATCC 27853
H. influenzae ATCC 9007
N. gonorrhoeae  Clinical

IBX

Me Me
~ ~N
S Cl S Cl
M O M
HO e HO e
HO HO HN ')
OH
. A ‘ H
(0
NH
Me>/::
Me
Iboxamycin (IBX)
Species Strain description IBX CLI CTR LEVO AZM DOXY LNZ VAN
S. aureus ATCC BAA-1707; MRSA 0.125 0.25 2
S. aureus Clinical; MRSA 2
S. aureus ATCC 700699; c-ermA 2
S. aureus Clinical; cfr 16
S. pneumoniae  Clinical; MLSg 4
S. pyogenes MMX 946; c-ermB 1
E. faecalis Clinical; VRE 2
E. faecalis Clinical; VRE 6
E. faecium Clinical; VRE, LNZ-R
E. faecium Clinical; VRE
Species Strain description IBX CLI CTR LEVO AZM DOXY LNZ GEN
E. coli Clinical 8 0.125 32
E. coli Clinical; armA 8
E. coli Clinical; CRE, NDM-1 8
E. coli Clinical; ESBL 8
E. coli Clinical; MDR, arm 8
K. pneumoniae  Clinical; CRE 8
K. pneumoniae  Clinical; 3GC-R 16
K. pneumoniae  Clinical; ESBL 16
A. baumannii Clinical; CRAB 16
A. baumannii Clinical; CRAB, MDR 16
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LIncosamides - it gets better!

Me Me Me
~s Cl ~s cl s cl S AN
HO 0 Me HO 0 Me HO 0 Me HO & Me
HO HO HO HO
OH HN (@) OH HN O
“‘H ¢“H
O NH 0 NH
Me>/ Me>/ N
Me Me
Iboxamycin (IBX) cresomycin (CRM)

To rigidify IBX, a bridged, macrobicyclic structure was introduced

DFT was used to predict favorable conformations, and synthesis of CRM commenced after seeing that CRM had
significantly less low energy conformers than IBX

Successful synthesis allowed for in vivo and in vitro studies

CRM showed stronger ribosomal engagement, enhanced potency, and retained
activity against a wider range of resistant strains

Science 383, 721-726 (2024) 100



LiIncosamides - It gets EVEN Detter!

Me Me Me
s cl s cl s cl S AN
HO 0 Me HO 0 Me HO 0 Me HO 0 Me
HO HN. _O HO HO oy HN o) HO oy HN o)
“‘H “\H
0 NH 0 NH
Me>/:~' Me>/:~'
Me Me

Iboxamycin (IBX) cresomycin (CRM)

S N
HO O Me
HO
OH HN (0,
\‘H
0 NH
Me>/:~'
Me
BT-33

Additional fluoride provides additional van der Waals contact with nucleobase G2505 in the ribosome, enhancing binding affinity

BT-33 exhibited even lower MICs than CRM against a broader range of multi-drug resistant Gram-positive and Gram-negative bacteria

BT-33 also proved to be more metabolically stable, with a half-life in vivo (6.80 hours) compared to CRM (4.66 hours) and

lboxamycin (2.05 hours)

Science 383, 721-726 (2024)
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