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® Extracted from a panel of bacteria isolated
— from marine mollusks.
o ® A 4-amido-2,4-pentadieneoate (APD)-class

V Amide Coupling peptlde'
(0}

® APD-class natural products are hypoxia-
selective cytotoxins that primarily target
Boholamide A (1) mitochondria.

Yamaguchi esterification

U COOH

Amide Coupling
i
OTBS NH
H NHBoc
HoOC N M

3 Amide Coupling

HWE reaction
Evans Aldol Reaction
HOOC NHBoc OTBS
N 0
I + HOOC NHBoc . COOH
(tert-butoxycarbonyl)glycine
(0]

(tert-butoxycarbonyl)-L-valine NHBoc 7 ~
5
4

N o{\l

Torres, Joshua P. et al, J. Nat. Prod. 2020, 83, 1249-1257.



Introduction

Part I :Retrosynthetic analysis of Boholamide A

HWE reaction
Evans Aldol Reaction

o)

OH
NHBoc

CHO U o U o S

+ (EtO OP\)J\ CHO o
BocHN& (F10), OMe \/\l/\/ - \)I\N/U\s — Hooc 0

8 9

Bn"
10 11 12

Single Protection

Appel lodination
HO/\l/\é/\OH ___________ - Ho/Y\é/\onas ___________ . I/YY\OTBS

17 16 ' 16
Grignard Reaction
Oxidation Deprotection '
\/\‘/\/CHO emmeennnnn \/Y\é/\OH e \/Y\;/\OTBS
10 - 13 "

Torres, Joshua P. et al, J. Nat. Prod. 2020, 83, 1249-1257.
Evans D.A. et al, J. Am. Chem. Soc. 2002, 124, 392-393.



Introduction

Part Il:Total synthesis of (+)-Rubellin C

CO,H
HO,, OH
HO
: ““OH MgBr
OH OTBS 16 steps o HO
. . . —_— ‘. Y
D-(-)Quinic Acid + HO ‘a ol MO
—
OMe  50,ph S }»mOH
Me OMe o /
Uttam K. Tambar \Soy
0 o) ‘OH
(+)-Rubellin C
\O OMe (0]

Synthetic Challenge:
@-unprecedented topplogy

@-5 contiguous stereocenters
@-quaternary carbon stereocenter
@-functionalized anthraquinone

Uttam K. Tambar. et al, Org. Lett. 2020, 6, 2954—2963.




HO

Heck reaction . OH
. SO,Ph
(+)-Rubellin C (1)
Hauser Aunulation o
0
Me OMe  Attached-Ring
CO,H synthesis

TBSO

0O
18 \O OMe 5 Q‘.‘

HO,,"UOH

7~ "OH E——

OH

D-(-)Quinic Acid (7)

Zimmerman-Traxler transition state

Uttam K. Tambar. et al, Org. Lett. 2020, 6, 2954—2963.



Introduction

Part III :Transition-Metal-Free Cross-Coupling Using Tertiary
Benzylic Organoboronates

Cross-couplings of tertiary alkylborons

transition-metal

N z cross- coupling - N z
Bpin
O

Problemematic steps

e transmetalation: the slow transmetalation from sterically
encumbered nucleophiles

* reductive elimination: p-hydride elimination

Hirohisa Ohmiya. et al, Angew. Chem. Int. Ed. 2020



Morken's work (2014)

3 1 2

R!' R2 + Br\rR NaOBu R_R R3
X > B in>4(
Bpin Bpin R4 Y R

Hirohisa Ohmiya. et al, Angew. Chem. Int. Ed. 2020



Introduction

Tertiary alkylative cross-coupling of alkyl or aryl electrophiles (this work)

Cross-couplings of tertiary alkylborons

R1

1

el N P%/
Y transition-metal-free

+ R?

2
.><B:O cross- coupling R
gy © > or
or
tertiary X
alkylborate
X=CN, OMe, F @

Hirohisa Ohmiya. et al, Angew. Chem. Int. Ed. 2020



Introduction

Screening of conditions for cross-coupling between 1a and 2a.

Me Ph Cl KOBu Me i
Me\/\xapin K \Q) dioxane
100°C, 3 h
1a 2a 3aa
Entry Change from standard conditions Yield (%)
of 3aa®
1 none 97 (87)
2 NaOtBu instead of KOtBu 53
3 LiOtBu instead of KOtBu 0
4 KHMDS instead of KOtBu 47
5 KOMe instead of KOtBu 60
6 PhLi instead of KOtBu 51
7 F as leaving group instead of ClI 0
8 Br as leaving group instead of Cl 0
9 | as leaving group instead of Cl 3
10 OTs as leaving group instead of Cl 31
11 OMs as leaving group instead of Cl 0

Hirohisa Ohmiya. et al, Angew. Chem. Int. Ed. 2020
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Substrate scope of C(sp3)—C(sp3) cross-coupling

KOBu R2 R3
R2 R3 C| RS R5
+ .
1>§ . dioxane R!
R Bpin R4 0
100 °C, 3 h R4
1 2 3
Me Ph Me Ph on Me Ph Me Ph Me Ph Me Ph Me Ph Me Ph
T
Me>&© \)&O \)KO %)b "By Me - "By =T
0 0 0 0 Me
3ba, 68% 3ca, 49% 3da, 56% 3ea, 68% 3ab, 94% 3ac, 62% 3ad, 88% 3ae, 78%
. Me Ph Me Ph Me Ph Me Me Me Ph Me Ph Me Ph Me Ph 5
e . o
C
Me 0 0 0 0 NBn \) s
e 0OBn
3fa, 49% 3ga, 53% 3ha, 21% 3ia, n.d.
3af, 73% 3ayg, 88°% 3ah, 35% 3ai, 25%
OMe
s Me Me OSiMe:'Bu
Me Me Me ,\Tee : Me_Ph Me Me_ Ph
Ph N W
o Me Me o ”BUK/LMe "Bu CBn
0 0
3ja, 12% 3ka, 60% 3la, 28% 3ma, 22% trans-3bj, 56%"! dak. 1% wali g

Hirohisa Ohmiya. et al, Angew. Chem. Int. Ed. 2020
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Introduction

Mechanistic studies

A.
Me Ph
Me Ph KOBu
“, Me
M + 2a
l:'.\/\/<E3pin dioxane
100°C, 3 h O
(R)-1a, 97% ee Jaa
58%, racemic
B.
Me Ph
Me Ph KO'Bu/MBuLi Me Fh 2a "
e
Me” "H c-hexane Me _K+ 25°C O
25°C, 2 days 5 days
1b-H 3ba, 48%
C.
Me  Ph MF"%ME
=
1b Me ] O Me Me Me
. KO'Bu trans-3bo, 27% Bh Me
Radical clock + "
10Xang
3 100°C, 3h
experiments ve © Me  C ,O 00
MEA\/\ 0 0 Me )%_/\0 0 not detected
20 irans-2o0
cisftrans = 34.66 42% recovered

Hirohisa Ohmiya. et al, Angew. Chem. Int. Ed. 2020
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Introduction

Substrate scope of C(sp3)—C(sp2) cross-coupling

1 R2
R! R2 X KOBu i
+ 1
Ar1><Bpin @ dioxane Al @
120°C, 3 h
1 4 5
(X = CN, OMe, F)}

aryl nitrile Me Ph Me Ph Me Ph

NC HBUK© ,,Bu)Kﬂj HBU% aytctrer
=N P W b Me _ Ph Me_ Ph y Me_ Ph Me_Ph CN
5aa, 96% 5ab, 91% 5ac, n.d. "BU*QJ ”BU)Ij "Bu)b\ "Bu
= = CN

Me Ph Me Ph Me Ph Ve Ph 5aa, 82% Sab, 88% 5aj, 67% 5ak, 88%

OMe
nBUKEj\ nBu)ﬁ\ nBUKEj\ nauw
Bu CFs aryl fivoride s, — g B
5ad, 91% Sae, 22% 5af, 27% 5ag, 39% E G & i
@ "Bu "Bu "By
Me Ph Me Ph Me Ph Me Ph - e

Bpin

By Me = | o | = 5ah, 41% 5aj, 94% 5al, 66%
=N N

5ah, 68% 5bi, 94% 5ea, 77% 5ga, 88%

Hirohisa Ohmiya. et al, Angew. Chem. Int. Ed. 2020



Introduction

C(sp3)—C(sp3) cross-coupling mechanism

R2

Rl Cl R KO'Bu
‘—3( oy Y )

B
Yo R2 Sn2 type mechanism

.*/m

RZ

C(sp3)—C(sp2) cross-coupling mechanism

1 R?
R: { i X KO'Bu
+
B‘O ionic SNAr mechanism

X=0OMe, F

(=

KO'Bu

R! R{ 2
NC
BZO ﬁ ' I >
Y0 radical SyAr mechanism

Hirohisa Ohmiya. et al, Angew. Chem. Int. Ed. 2020
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jIntroduction

Education

* 1983 to 1985 PhD in Chemistry, The University of Southampton, UK
* 1982 to 1983 MSc in Chemistry with First Class Honours,

The University of Auckland, NZ
e 1979t0 1981 BScin Chemistry, The University of Auckland, NZ

Fellowship

e 2019 Damehood

* 2018 Fellow of the Royal Society (FRS)

* 2005 Fellow of the Royal Society of Chemistry, UK (FRSC)

e 2001 Fellow of the Royal Society of New Zealand (FRSNZ)

* 1999 Fellow of the New Zealand Institute of Chemistry (FNZIC)
* 1998 Fellow of the Royal Australian Chemical Institute (FRACI)

Margaret A. Brimble

Research interests

* Asymmetric synthesis, heterocyclic chemistry and organocatalysis
to synthesise complex bioactive natural products.

* Synthesis of glycopeptides, lipopeptides, peptidomimetics and
peptide natural products.
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Isolation:

® (—)-Anthracimycin was isolated from the marine sediment
derived Streptomyces sp. CNH365, collected off the coast of
Santa Barbara, USA.

Structural features:

® 14-membered macrolide natural product;
® 7 asymmetric carbon centers;

® Trans-decalin framework.

Biology activity:

® (-)-Anthracimycin exhibited potent in vitro antibacterial
activity against several MRSA strains (MIC 0.03—-0.0625
ng/mL) alongside Bacillus anthracis, and M. tuberculosis
(H37Ra, MIC 1-2 pg/mL).

Margaret A. Brimble. et al, Org. Lett. 2020, 22 , 5550-5554.
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Retrosynthesis

Stork-Zhao
olefination e,

Grubbs
RCM

H

Stille
Coupling

H

Stork-Zhao H
Olefination B

— Z o o
+
OH
\\ \“ o
— Aldol

4 W (o] R o R o
) ) 10 R = OMe 12 R = OMe
(-)-anthracimycin ((-)-1) 9 11R=H 13R=H

7 Wittig ):OS Endo- Selective8a
o

IMDA

Margaret A. Brimble. et al, Org. Lett. 2020, 22 , 5550-5554.



PMBO

HO

DMP, NaHCO3
DCM, rt, 3h
——

! Me,AICI, PhMe
! .78°Cort,5h

3a:3b 4:1
24%

Previously:
E/Z 3:2
39% (2 steps)

Optimised:
E/lZ1:1

62% (2 steps)
gram scale

Previously:
DCM, rt, 18 h

Optimised:
DCM, LiCl,
reflux, 3.5 h

Margaret A. Brimble. et al, Org. Lett. 2020, 22 , 5550-5554.
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E/Z 1:1
62% (2 steps)
gram scale

P

Et,AICI, PhMe
78 °C_»rt, 4 h

(3a:3b:3c 7:1:7) 61%

DDQ, pH7 phosphate buffer
DCM, rt, 1h

50% 21% (8b:8c 1;7)

Margaret A. Brimble. et al, Org. Lett. 2020, 22 , 5550-5554.
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Preparation of Aldehyde 11

Ph3PICH,I (17)

DMP, NaHCO; NaHMDS, THF,
DCM, rt,1 h -78°C,1.5h
90% ,S 63%
16 0)\0
H A~
1. DIBAL-H, DCM, -15°C, 10 min i Z” “SnBu;
2. DMP, NaHCO;, DCM, rt, 20 min Pd(MeCN);Cl,,
DMF, rt, 1.5 h
75% (2 steps) 95
Z 0% “SEt °
20

Margaret A. Brimble. et al, Org. Lett. 2020, 22 , 5550-5554.

18

EtSH, n-BuLi, THF

0°C—rt,3.5h
76%

21



)Synthetic Route

Synthesis of Scabrolide A

1.i. 9, NaH, THF, -10 °C, 10 min
ii. n-BuLi, -10 °C, 10 min
iii. 11, THF, -10 °C, 20 min

2. DMP, NaHCO3, DCM, rt, 30 min

i. Grubbs |, DCM
reflux, 1 h
ii. DBU, rt, 30 min

» r ol
30% (2 steps) 37% (2 steps)
(-)-anthracimycin ((-)-1)
1:1 mixture of C, epimers
gTTTITTT s . OH
A (o] 0 : /\/ 0 o 1M aq NaOH, 9 Q
' : 22 rt,185h
' “Ng : - - EtO
1 W ] 0,
: : 1M aq NaOH HO 48%
S o . ; DCM, rt, 22 h S2
[+)
40% S1

Margaret A. Brimble. et al, Org. Lett. 2020, 22 , 5550-5554.
22



Take-home message

Stork—Zhao
olefination /
Grubbs ring
closing
metathesis

IMDA reaction

trans-decalin moiety
H

E,Z-diene
motif

O tricarbonyl
motif

single C, epimer

Base-mediated epimerization

Aldol reaction
using a complex
p-ketoester

23
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Wittig reaction

3 1 2
R (R)sP 0 e R le base
X = [(R);P X
2 X=Cl,Br, R3
R 1, 0Ts
alkyl halide phosphonium salt

if R' = aryl and R?, R® = alkyl, H

if R' =aryl and R?, R® = aryl, alkenyl, benzyl, allyl, H

if R' =aryl and R?, R* =-CO;R, -SO;R, -CN, -COR

2
. @ o R
R)P—~ = R)P=(
R3 R

phosphorous ylide (phosphorane)

C—> "nonstabilized" ylide
C—> "semi-stabilized" ylide
——> "stabilized" ylide

2

3

R*R5 = alkyl,
aryl, alkynyl, H

25



) Supporting Materials

Wittig reaction

Mechanism: 9.23,74-77,28,78-82,37

2 i @]
H 0° - L 0 k )J:) 3
Kfast siower H R
- P(R')s - P(R") HY. R?
R R \I/

trans P(R"),
betaine
1 kl’asl
R3 R3 -(R')P=0 [H R | [R?
g 8 Krast % O j[[
® = | ; RZ”H | | r2
P(R")3 P(R%);
R2 R? (E)-Alkene} |(Z)-Alkene
trans oxaphosphetane minor major

R? i R®

3 i e
Ksiow R? O Kast R O
H’ f ;P R’ H P(R")
) @( )a H e

cis
betaine

|1 kfast

-(RP=0 s Ry o
? J O Krast O
| . @ 1
PR | N3

cis oxaphosphetane

26



s-cis
diene

normal electron-demand

Diels-Alder reaction

inverse electron-dema
Diels-Alder reaction

nd

EWG
EDG{j/

EDG
EWG—O/

trans

cis

R'I
e + R2\I [4+2]
- | '

1
R\(f . ﬂ [4+2]
N R2

EDG (electron-donating group)
= alkyl, O-alkyl, N-alkyl, etc.

EWG (electron-withdrawing
group) = CN, NO,, CHO, COR,
COAr, COzH, COzR, COCl etc.

R1
5 R2 endo
i 1,2-product
(ortho)
endo

R‘I
1.4-product
' 'R2 (para)

27



) Supporting Materials

Diels—Alder reaction

Mechanistically the D-A reaction is considered a concerted, pericyclic reaction with an aromatic transition state. The
driving force is the formation of two new o-bonds. The endo product is the kinetic product and its formation is
explained by secondary orbital interactions.® Some of the mechanistic studies suggested that a diradical” or a di-ion
mechanism may be operational in certain cases.* It was also shown that solvents and salts can influence reaction

kinetics.

HOMO LUMO *

I ] / RI ~e - RI RI
' OR ! R—£/+ ﬁ — R—EI1T, — R
LUMO HOMO

aromatic TS

28
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Supporting Materials

Diels—Alder reaction

B) Chiral auxiliary approach

Me,AICI
20

(S)
top face addition

degree of facial control. Evans’ benzyl oxazolidinones reinforce
facial selectivity of cycloadditions through postulated
n-stacking of the benzyl substituent preferentially on one face
of the dienophile olefin. In our case, the C4'-S oxazolidinone
sterically disfavours cycloaddition to the bottom face of the
dienophile, promoting top-face attack to afford the desired
stereochemical outcome (Scheme 5B). Therefore, this approach
can be used to override the inherent stereoselectivity of the
cycloaddition to afford the desired stereoisomer.



Supporting Materials

Diels—Alder reaction

IMDA adduct 3a and diastereomers 3b and 3¢*

EtAICI, PhMe,
-718°C —rt,4h

}ll ™~
Al 3
Al
o "o
|

— o )
AL e L I —
R N, LS
N;{O f, e 'r) {S‘J‘\ 4 R N
y

‘—-"‘
NN
£ 2 1l /LO
@‘\p&s} @(" ’é QE\‘I’%}"‘/

endo Il endo | endo Il
C2-5i face addition C2-Re face addition C2-5i face addition
R= ¥ opmB

T:1:7
3a:3b:3c
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Dess-Martin Periodinane

KBrO; AcOH - Ac,0O

e o
/7 HS0, N\ O oH /10T N AcO OAC Aco DA

[ |® \|,OAC 12 OAc
ek ] T N
@: - &

COOH Oxone Ac;0,
. (1.3equiv) / o) . 0.5% TsOH / o) O

|

2-iodobenzoic H,0, 70 °C, IBX 80 °C. 2h DMP
acid 3h )
DMP R-CHO DMP 'C= .y
A) R-CH,-OH —— = B) RR'CH-OH —— R C)RR'C=N-OH ﬂ* g
Aldehyde Ketone k Carbonyl
1° alcohol 2° alcohol oxime




) Supporting Materials

Dess-Martin Periodinane

It has been shown by 'H-NMR that DMP reacts rapidly with 1 equivalent of alcohol (1° or 2°) to give
diacetoxyalkoxyperiodinanes, while in the presence of 2 equivalents of alcohol (or diol) a double displacement takes
place to produce acetoxydialkoxyperiodinanes. Next, the a-proton of the alcohol is removed by a base (acetate), and
the carbonyl compound is released along with a molecule of iodinane. When excess alcohol is present, the oxidation
is much faster due to the especially labile nature of ac.etcucyt:lialkoxypv&:riocﬁnanv&:s.Ej It has also been shown that added

water accelerates DMP oxidations.'

OAc R OAc R
AcO I@ I>_OH Aicz | o 0
.I.\ %AC |?O R - AcO
O O H CH3 + )L
- AcOH Co =AcQH n B
e, |
0 =) Carbonyl
o O compound
DMP diacetoxyalkoxy iodinane

periodinane
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PMB Deprotection with DDQ

NC. A, .Cl
LT Cl, _ Cl—y®
NC YT G o —>1n
o . —]
”Gﬂ“‘i’%]\ o), WM N
s S S rome
OMe R-O: ’
H
Charge-Transfer
Complex
H-0
) (OH
Rﬂ% H.0O -

=E0Me H™ Lz OMe

OH

chﬁfm

NC™F €l
OH

= ROH *

e

L

~# OMe
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Stork-Zhao-Wittig Olefination

1) NaN(TMS) —
(PhaP*CHl )1 ——— /7
2) RCHO

H ﬂ 0 1Ile'h
I>=PPh3 + Hi )J-Ck ’

RCHO R |
o
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Stille coupling

Pd? (catalytic) RI-R2
R'—-Sn(alkyl); 5 R®-X ligand ] + X—Sn(alkyl)s
Coupled product

R' = allyl, alkenyl, aryl; R? = alkenyl, aryl, acyl; X = CI, Br, |, OTf, OPO(OR),

L,Pd®
1_p2
-8 R2-X

reductive oxidative
elimination addition

X
L,Pdi

R2
R'-Sn(alkyl),
transmetallation

RT

. X—Sn(alkyl
and(llj\ (alkyl);
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Reduction to aldehydes [DIBAL]
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Aldol condensation

Classical aldol reaction:

, OH O
j\ o 1. acid or base R dehydration
+ 4 > 1 B [ e
R R2 Rsk/R 2. work-up = 4 R -HOH
B-Hydroxycarbonyl
compound
Aldol reaction through the use of preformed enolate: = =
H
i 5 o . 1. solvent 1/1\‘)L >
R H RS J\J = 2. work-up R i - =
syn

R' R3
R4
o,B-Unsaturated
carbonyl compound

OH O

R’ - R®
F'is
anti

R! = H,alkyl or aryl; R?= alkyl, aryl; R® = R® = alkyl, aryl, -NR,, -OR, -SR; R* = R® = alkyl, aryl, -OR; M = Li, Na, B, Al, Si,

Zr, Ti, Rh, Ce, W, Mo, Re, Co, Fe, Zn;



Aldol condensation

(Z)-enolate:

R'CHO

IR1CHO

RZ
unfavored TS* -

—— 1 % X

|§2
anti

Zimmerman-Traxler model for (£)- enolate

(E)-enolate:

H unfavored TS*
Zimmerman-Traxler model for (E)- enolate

anti

S -

OH O

TR,

R2
sSyn




alkene (olefin) mechansim

% B
Q
) cﬁw % 4

(O e ()




PCy, —
| \\\CI \R +R' i
Ru=—"
CI/ | - —
PCy3 R'

Cy3P

Cl—Ru

R’

Cl
E “\ ~

/:

R

metallocyclobutane

intermediate

Cy3P

—_ Cl_id_—l

R'
trans

cl
=7 \R -CH,=CHR
;

this species
reenters the
catalytic cycle

Cy3P

| wCl

Cl—Ru

/

R'



H B Pd(© (catalytic) R >=<

ligand, base, solvent

heat Arylated or alkenylated

olefin

R'" = aryl, benzyl, vinyl (alkenyl), alkyl (no B hydrogen): R? R3, R?* = alkyl, aryl, alkenyl; X = ClI, Br, |, OTf, OTs, N,*:
ligand = trialkylphosphines, triarylphosphines, chiral phosphines; base = 2° or 3° amine, KOAc, NaOAc, NaHCO;

IF’d(EJJ or Pd"") complexes (precatalysts)l

- HX |
R1-X
 base L,Pd@ o
reductive ox:d‘?rlrve
eliminaton X addition
/ X
L,Pd™ /
i L,Pd
R H R
R? R®
migratory
- insertion (syn)
syn f#-hydride ; i
elimination | Pd(L, X R Pd"L X
2% gl | H“\ o4
R R1 RSR RZ RS

C-C bond rotation



Hauser—Kraus annulation

1) LDA
(] - .
2) COQR R1
X I !

(X=CN, S0,Ar) R’

o OH
CO,R?
-

2 2 2
b COR®  rautomerize COzR
R! R R
(CN 0



n-stacking

&2\ &2
&) S
&2 }Qf‘ 4

n-nERRE G EU SN — MR ZERHAG, B—MEEREESTERZMH
HISSAHEAER, BEFAETHENE B FMSREFHRIWA T2 0, —
SERFAFERERIEMRBAEIEN.



RTN"SiMe, Pd(0)Ly R’-“\v’:OH +2
9
L
) Pd(MeCN),(BF,) s
b) Pd(Me BF ;
(10 mol%) R @c?,S;Mea
B(pin)z Ao )
DMSO/M B " R/?/_ H
i eOH pd E
=G L7 SiMe, PdL,
(51%) 13

"
One Diastereomer
[>5 g-scale]

One Diastereomer

Me;Si-OH :
12 R\//-;\\ ?lMea
i 9§iMe3
Pdl, OH
11

Figure 2. Proposed catalytic cycle for silylation of allylic alcohols.

Selander, N. et al. J. Am. Chem. Soc . 2011, 133 ,409-411.



