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Advances in The Synthesis of Diazonamide A

" Jsolated in 1991 from Diazona chinensis collected from the ceilings of caves along the northwest coast
of Siquijor Island in the Philippines

= Potent in vitro cytotoxicity to human colon carcinoma and B-16 murine melanoma cancer cells
(IC5,<15 ng/mL)

® “represents one of the most enticing natural products isolated in recent years and a serious challenge to
synthetic chemists” K.C. Nicolaou



Retro-synthetic Issues to address

» C,, quaternary center

» Synthesis of E,F benzofuran

» Indole / bioxazole system

» 4 possible atropisomers (C,¢-C,g and C,,-C,,)



The Harran Approach

Me._ Me

WH
NHp 1y HN™ =N

Me N /e, o A

Ring contracting
pinacol rearrangement




Heck Endocyclization

Me_ Me Me. Me Me Me

Me Me LH’N b E/N SnMe; ! NLT,N
LH == BooNTEN = BooNTYEN o ab_ PN o o
BocHN” ~CO,H O % "

NHo Br PMBO
6 7 8
aa) aminomalononitrile p-toluenesulfonate, EDC, pyridine, rt (64%). 14
b} -BuONO, CuBry, CH3CN, 0°C (50-55%).

BocHN,, R
H
16a X=H Y=1 R=H 17a X=H
16b X=H Y=1 R=CH 17b X=Br
SnM 16c X=H Y=l R=0OMe
nivieg 16d X=H Y=1 R=0PMB

16e X=Y=Br R =0H
16f X=Y=8Br R = OPMB

11a X=Y=Br Me;;Sn =
MMb X=HY=1 a

R #a) 2 mol % PdCIo(CHaCN)g, DMF, rt (94%). b) 2.5 eq. BBrj, CHaClp
13a R=H -78°C (91%). c) 8b or 10b, TBTU, DIPEA, CHaCN, rt (89% for 16b,
- 86% for 16e). d) 10 mol % Pdy(dba)s, AgsPOy4, THF, reflux, 11h (66%
13b R=0Me
13¢ R = OPMB for 17a, 41% for 17b based on recovered 16e).

free phenol necessary

Bromid les before 10dide
romide couple e for successful cyclization

giving wrong regiochemistry!




Pinacol Ring-Contraction

Me Me
Me_ Me
a
HZNL(N o BocHN,, / CN BocHN., d
os >
BocHN\/'LOH
17
HO D/ RO 9 R
o3
(5)-6 Ok S)-7 F,h_/o 10 R= CHzph:l
Ph
Me_ Me
ZHN |y HN N
Me AN 0l =0
hi Y Yo
Me O (o]
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"
14 0 O
P~ \epy,

11a R =Boc 11b 13b (C1o-
e[ 2 Ron (Cio-R)
Scheme 2. a) TBTU, DIPEA, DMF, RT (89%); b) [Pd,(dba);] (3 mol % ), 2-(di-tert-butylphosphanyl)biphenyl (6 mol %), Ag,PO,. THF (0.025 M), 90°C,
69 %, 82 % based on recovered 8; ¢) DEAD, PPh,, PhCH,OH, THF, 97 %; d) 1. OsO,, DMAP (2 equiv), tBuOH/H,O, RT; 2. H,S, THF, — 50°C, 57-60%,
1a:11b=>5:1;¢) pTsOH (1 equiv), toluene, 95°C, 1 h, 90 %; f) pTsOH (3.0 equiv), toluene, 95°C, 2.2 h; g) N-Z-L-Val-OH, TBTU, DIPEA, DMF, 25 % from
11b; h) NaBH,, MeOH/THF, —10°C, 82%; i) (+)-10-camphorsulfonic acid (1 equiv), PhH, 45°C, 24 h, 57%.

Obtained 5:1 selectivity of 11a:11b (wrong major isomer since H H

AW
ring contraction occurs with inversion) at C,, o

HO_ 10:~n OR




Final Serotonin Installation

Me_ Me 74 NH

Me,Al—NH

NH

BnO

16

Scheme 3. a) NaBH,, MeOH/THF, —10°C, 85%; b) (+)-10-camphorsul-
fonic acid (1.4 equiv), PhH, 60°C, 6.5 h, 81 %; c) 16, toluene/CH,Cl,, RT,
88 %; d) Ac,0, pyridine, CH,Cl,, 0°C, 95%; ¢) DDQ, THF/H,O, RT, 92 %
f) PPh;, (CCL),, Et;N, CH,Cl,, RT, 94 %; g) Pd/C (10% ), HCO,H, Et;N,
MeOH/H,O, RT, 90%.



The Magnus Approach

X=SMe RAN.,

intramolecular
Pummerer reaction




Indole / Bisoxazole Synthesis

B(OH), Me D
OMe Pd(PPh3)4 O NO N
NaCO3 / EtOH / toluene 2 H
OMe MezNCH(OMe)z

98% DMF /110°C /18 h

1 2 3
N Raney Nickel o
NPhth
O 50°C/3.5h O = MezN)K/
NO, NH
76% (from 3) POCI4/dioxane/95 °C
OMe OM
© 80%

4 5

Me Me Me Me

H,,

BocHN =N, N o RHN =N, P T
DMF Oﬁo o\}__<

e Burgess 0 —
EDCIHBT < > MR oagont < > NCOMe
Me._Me BnO O RO O
H
12 (R = Phth) P
(H,N) . BocHN _
£14(R=H,H) \)‘C02H 16 (77%, R = H) 18 (88%, R = Bn, R' = Bocy—) HCO2NH,
17 (91%, R = CO;Me) 19 (92%, R=R'=H) PdC

TFA



Pummerer Reaction to Form Benzofuranone

1. MCPBA | 2. TFAA/SnCl4/100°C

Similarly

BocHN 1. MCPBA BocHN” =N, N
PhthN \)_ﬁ o 4
S 2.TFAA/SnCl, PhthN Y
Me SMe
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The Moody Approach

ZH
—
COoMe
[ > 0
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4
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The Intramolecular Biaryl Coupling

No
oﬁ)J\cone
R
i. cat. Rhy(QAC)4 ZHN
ZHN 68%/39% e
NHp i )?J\
o 2 . Ph3P, |2, EtsN COZH
65%/48% R
4 iii. HO", ag THF
79%/100% 5 R=Me
17 R= 3-BF-CGH4CH2
ZHN ZHN
oY o) H
OH  Et0,CCH, EgN NN co
40% =
Br.
Br Br
17 20
Bisoxazole made by: Ny
=N H
B &
M
e 0 o

Br

91%

BocHN,
BocHN OzMe
OHC
PO(OMe), —
NBOC Br
DBU, CHxCl»
88%
14 18
see
Me text
H
ZHN
=N
lo, PhaP =~ - OaMe
Me o /
EtaN, CH.Cl,

NH

H
OzMe 2 O,Me
i. (Ph3P)3RhCl, H, (83%) -

Boc Br. NH
il. TFA, CH2Cl2 (71%)

19

attemped coupling under a variety
of conditions failed (with various
Ni and Pd catalysts)
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Intermolecular Biaryl Coupling

r NHBoc
i. Et;AIC!, hexane i N\
100%
ii. Mel, KoCOg, S 10
CKP .
iil. #Buli, B{OMe)s Me (PhaP)4Pd, Cs,CO4
, then aq, HCI (OH), oME
74% 90%
11 12
OsClg.HL0
KaFe{CN)g
K2COs
quinuclidine
aq. t-BuOH;
then NalO,
THF
83%
HBoc Ho NHBoc
ArSOaN3 EtO2CCH=Nz ‘
NBoc  EtsN, MeCN Boc  snCiy, CHLCI, NBoc
72 95% MeO O
14

NH,
Rhy(0AC)y, CHCIg, reflux

08 PhgP, I, EtgN, CHoCly

13% (over 2 steps)



13

- The Nicolaou Approach

ring closure by olefin

R oxazole formation

metathesis

biaryl coupling
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Synthesis of Biaryl Coupling Partners

oMoM PhMgBr 700 % QMM
a. gor %
OHC Br b. IBX  93% Br
C. H20=Pph3
16

15 86 %

e. CICHCN | 75%

0 CN 0~ CN
B’ f. mCPBA B'
91 %
7
0
Br

d. HCI lmo%

A

BSCI, imid. 54 %

TBSCI
TB

O oT8S i. LIHMDS; Oy; O OTBS
O then SnCl,, HCI

Nc\" O 94% O

23 24
j. DIBAL-H lgz %

8 1
l g. KOBu 99 %
h

k. NaH, Mel 197 %

()

O = l. aq. HF 99 % OTBS
O m. Dess—Martin [0] 96 % O
- 11
n. Tebbe rea‘\,gent MeO™ o

Br | Br

NO,
o
a. /N\/\NO2
\ »- \
N
N N
6 7
b. LiAIH4l 87 %
(2 steps)
Br H Br
NH,
N\n/\OTBDPS
\ O  c¢. 9,EDC, HOBt \
N < N
H 79 % H
10 8
HO
%% |d. DDQ QOTBDPS TBDPSQ
(2 steps) ye. IBX 0
Br O H Br O \N
N\H/\OTBDPS =
\ O f. GiCls, Ph3P, EtN \
ﬁ g. Mel, nBuyNHSO, N
88 % Me
11 (2 steps) 12
h. TBAFl 92 %
i. IBX | 90%
N b HO
Br o\\N Br O™
 j.HC=PPhy Q_fw
\ 89 % \
N N
Me Me

14 13



Cyclization / Epoxide Opening Reaction

i B ) 7]
0— O~ “CN ﬁ/\CN
0
Br  komu & Br
osk-Jene

cyclizatio/

cyclofragmentation

Side product 22 is also predominant if Wittig is used instead of Tebbe
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Final Biaryl Coupling and RCM

¥

% a. [Pd(dppf)C|2] %
MeO™ O

MeO O

B

\

Br
42% 27

Efforts to prepare the boronic

acid of either 14 or 26 failed b. 14, [Pd(dppf)Clo] |62 % 15 mol % Pd used,

with nBulLi, B(OM3)3 in DME, 85 OC, 2h
Y

4 was a mixture of four
diastereomers :

only recovered starting
material or decomposition
observed for RCM attempts

two C; epimers and two
3 4 atropisomers (C16-C18)

N_ N
iPr iPr
craomeco, NP CI,,::Cy3 a,,;f 14 - \1
e I, U/
( 3)2 MO Me lel _\Ph C|(| _\Ph Br 0N
(CF3),MeCO” Me PCy; PCy; W
28 29 30 .
{ Me




Back to More Traditional Olefinations

TBDPSO, Q
2 [P(OMe)g
Br Q"N a TBAF 92% Br 07N
= b. I, Ph3P, imid. _94% .y
\ c. (MeO),P(=O)H, {
N KHMDS
. 86 % N
Me Me
12 31
Lactone opened first due to the O OTBS d.LiBHy 90 % O OTBS
previous cyclofragmentation when e. Mel, NaH 70 % O
Wittig (with CH,PPh;,) was tried B MeO
(assumed same with HWE). 0~ "o b MeO™
24 °f 32 r
f. [Pd(dppf)Cl,], BPD | 499
g. 31, [Pd(dppHCla] | 52%
O, O,
P(OMe), P(OMe),

j. LiCl,
DBU| 45%

h. ag. HF
i. [O]

-~
85%
(2 steps)

N,
Me

TBSO K;N

NOE studies showed that
only a single isomer of 34

reacted, giving trans olefin
and wrong C,,, config.

17
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An Educated Assumption is Still an Assumption

Q,
P(OMe),

N
OTBS 1830 L(/
a. [Pd(dppf)Cly], BFi)

b. 31, [Pd(dppf)Cly]

MeO 0 50 %, 60 % VoG Me
o5 B e 36
c. aq. HF )
d. Dess—-Martin [O] l 859 (2 steps)
0O,
P(OMG)Q

» even though 36 and 5 were a mixture of 4 diastereomers, 3 was only one
> first complete synthesis of the heterocyclic core
» multigram quantities of 25 and 31 have been made



The Vedejs Approach

NCO,t-Bu

Reason for using triflate:

Vs

N
MeO,C ¢
X % NTIPS X NH
LICH,NC
4 X: H ———- 5 X= H
-78 °C
6 X=| —Af—> 7 X=1

Schollkopf reaction

19



Preparation of the Indole Triflate

Br
BnO 1.n-BulLi; BnO NTIPS
TlPSCl 1.tBuli, THF
—_—————— -
2. NBS[T HF 5 2.CICO.Me
90% 82%
e
Cs N®
MeOxC 0 2:1)
BnO ~ NTIPS NH o BnO
LICHzNC 71%
40 10D °C PyH TeG Tsoe from 10
1NaHTHE N NaHITHE oy
(+BuOCO),0 THLNPh
—_—— = ———— e
2HPd-C Ho NCO,;tBu  TfO NCO,tBu
83%
from 12
13 3

Feasibility testof __
indole cross-coupling

Pd(dppf)Cl,
3 + THF, 65 °C O
e .
B(CH. g sPO,

OMe 92%
14

20
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Preparation of Benzofuranone

CH30HO 1 Swern
<j[ OMe OMe 2 BnMeaNlC|2
HOAc'H,0O

3 (X=8Bn
4 (X= MgBr) cl 90%
TrocHN COzMG Troc HN COZMG
H
choa» PPA
CH,Cl, PhH, 80 °C
7 8 71%
TrocHN, _CO,Me O Br
H
OMe
el Bl
CH3CO5H 0

CheCly 10 81%

(3 : 1 dr; 86% combined)

model study to determine C,, configuration:

7

Ph 1. NaH Ph  NEtyDMAP
0 —_— —_—
o 2. 11 o}
0 )—OR'
14 OR*= Ph 0 4g
COR" Ph
\U‘Ph |l|C02R'
o) + o
(o] 0
16 17

® key rearrangment faster than with 12 (2 min vs. hours)
® 8:1 selectivity of 16:17 (major assigned by
X-ray crystallography)
* 13 was assigned major based on C,, configuration of 16.
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Biaryl Coupling of Indole and Benzofuranone

PhOH
Br ch03
O OMe
CICHZCHQCI

Cl 17 >98%
o oL
—
MeSOsH Br CH3COaH
62% O OMe CH,Cl,
% 19 80%

lactone carbonyl protected as enolate Br 1THr:-a|; o ‘ \ OMe
before installation of boronic acid € — K0 Coe
2. nBuli
1. B(OMe)s s _
l incorporation of C,q carboxyl groupl 21 T =2 B(OH)z two signals observed for C,; methoxy group,
after installation of boronic acid 66% C,o methine, and several aromatic H's. The two

isomeric structures correspond to atropisomers

of C;6-C;q bond. (coalescence seen at 105 °C
and 115 °C for methine and methoxy signals)

Pd(dppf)Ci,
THF, 65 °C
+

63%

3




The Wipf Approach

N« PG m—, PG
Chan
reari rangement
(X =0, NPG)

NH3 / cyclodehydration

H o2
N‘
m ref Ze @; COE
NH

St:lle

23



The Stille / Asymmetric Heck Sequence

MOM
1.
! nBug )\ 10
8 P COQH
Pdy(dba)3*CHCls EDCIsHCI, DMAP
NHz 1.CbzCl, aq. NaOH NHCbz Cul, PhaAs, NMP CHaCly
dioxane | 1. TITFA)3, TFA 2. HCl, ether, MeOH 96 %
2.DDQ, aq. THF N 2. Cul, I, DMF CHaClz
73% (2 steps) 65% 39% (2 steps) 9
_ ! ' o
NHCbz 4 HBr/ACOH N __(—OBDPS 10 mol% Pd
. 2(dba);
| (" oBoPS o l )\ 23 mol% (A)-BINAP 0”0
2.BDPSQ___COzH N 0 SN
5 H 6 o 1.2 eq. AgaPO,
N,N-dimethylacetamide
DEPC, EtsN, THF N 100 °C, 22 h
82% (2 steps) O)\OEt O)\OEt
74%
1
OBDPS
1. PhgP, ClaCCCh ‘-\(_
EtsN, CHoCh N

| Table 1. Ligand effects in the asymmetric Heck coupling of 11,
2. EtOCOC!, EtgN,

DMAP, CH,Cly )\ 7 ligand (10 mol%) T [°C), time [h] yield of 12 [%)] ee [%]'4

78% (2 steps) 07 “OEt (R)-BINAP 100, 22 74 14
{R)-BINAP 80, 59 47 19
(R)-Tol-BINAP 100, 21 67 19
(R,R)-DIOP 100, 21 27 16
(R,S)-BPPFA 100, 19 42 3
ClaPd-(R)-BINAP 100, 14 72 12

(S)-BINAs 100, 20 19 3

12
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Synthesis of the Bisoxazole via the Chan Reaction

original Chan reaction:
4

i O O
OR. —_— Jk(u\ )
A G e
O OH
I

model for benzyl migration in amide:

LDA,
o DMPU, THF 4?[0

A~ §

Ph EJ\< -781t0-10°C

Ph” "NHBoc
69%

10 11

CbzHN
1. Cbz-Gly, IBCF, lN

o NHaOAC
NMM, DMF; 66% o)
\ 18 2. PPh3, NEt3,
NH ClzCCCly N
3. CICO,Et, NEts, N
DMAP; 53% 19 CO2Et
Me
Ph=
1. Hy, Pd/C; NMM, Ph N
Ph,C(Me)CO,H, Boc LDA, THF, -78 °C,
IBCF, -20 °C; 74% o N 30min; 78%
20 —
2. n-Bullj; Boc,O,
DMAP; 42% N
N
CO,Et
CbzHN
O
Ph NHBoc o«g—<
- 1. HCI, Et,0; NMM  ppy "N
Me o SN Cbz-Val, IBCF, PhYy
S\ -20 °C; 71% Me Jsn
0
\ 2. TsOH, toluene, =
21 4 AMS, 65 °C; 22
N o N\
) 58%
CO,Et

22 produced in >90% enantiomeric purity



The Wood Approach

employ the three asymmetric centers,
C;,, C,, and C,,,on the left macrocycle
to set the axial chirality on right side.

1, Diazonamide A

26



Cyclopropanation / Ring Opening to set C(10)

1. BnBr, K,CO,
2. DIBAL

A (93% yield)
3 CO,CHj two steps

BnO
)
(0]
5
BnO O
“C
o OH
-

HO

P

N,N-dimethylaniline
reflux

(78% yie]d)

p-TsOH
(90% yield)

BnO

1. PBr3, pyridine

2. p-cresol, K,CO,

N (s()% yield)

4 two steps

BnO !
OH
BnO O
Me
9
@)
8

03, DMS
(66% yield)

0

))\;NZ
PA/C, HCONH, 4o 0 10
- \ >
MeOH O NaH
(95% yield) g O (81% yield)
0

N‘_)\/( O O

o Rh,(cap), %

2(cap)y
Me _— Me
O A\ (61% yield) \@
o
1 0o 12
0
OMe
LiOMe Me BF;Et,0
THF @ (68% yield)
(88% yield) 13 %ug

HO O _BFyEL,0 Q

Me — Q » Me Q

2 \) ./ OMe.

RH

O\

OMe.

unfortunately, wrong cyclopropane bond was cleaved!



Scission of the Correct Cyclopropane Bond

BnO O use of an alkoxy group at C, of
CH3CO,H Me3OBFy, NaH - ‘ benzofuran to directring opening '
THF

—» Me
O N (62% )1eld)
(91% yield)
Since C, alkoxy is necessary,

can simply do by alkylation:
BnO BnO e
Pd/C, HCO,NH,
\ MeOH - Q
OMe
B
(95% yield) t-Buo’k/ i

17 NaH, THF
0 Ny o vi
N S (90% yield)
HO O gN-O& 2 \/K 5 O
Me o 10
»  Me
O S—0Me NaH O N ome
Y 85% yield \
18 (85% yield) o 0 Asymmetric cyclopropanation
4
e o

0 M .

ha(cap)‘]td Me P I 3 e?rl;;\;. LiOMe o} Rhy(SSMEPY)s Mo
89% yie . ]
(89% yield) o QMe . Me A\ CHyCl, OMe|
_ _ 20 (76% yield) OMe 45% ee 0 X

o 0 20
84% yield
19 % yield) PO +184.7 (¢ 0.15, CHCLY)
OMe MeO,C
Me N Me “ . .. .
| o g O 0 Whereas the alkylation approach is ideally suited
80 Z O OMe for the advancement of material, the
21 b 22

- - cyclopropanation / ring opening sequence provides
a means of introducing asymmetry”
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Who has the Best Approach?

Investigator

Harran
Magnus

Moody

Nicolaou

Vedejs
Wipf

Wood

Pros

ring contracting pinacol
rearrangment can set C,, config.

high yield for biaryl coupling
before indole synthesis
Pummerer reaction for benzofuranone

Rhodium carbenoid NH insertion
to make oxazoles, addressed
synthesis of all fragments

only one to construct the macrocyclic
heterocycle, novel epoxide opening to
make benzofuran

key asymmetric rearrangement to set
C,, config., first successful coupling of
hindered 4-trifloxyindole

asymmetric Heck to set C,,, Chan
reaction to make bisoxazole

Use of asymmetric cyclopropanation
nice way to set C,, config.

Cons

orthophenolic coupling does not work,
substrate favors wrong isomer for osmylation

has not addressed oxazole-benzofuran linkage
or setting C,, config.

has not been able to construct macrocycle,
intramolecular biaryl coupling fails

many low yielding steps late, has yet to
address polyoxazole synthesis

modest 3:1 selectivity for C,, isomers,
bisoaxazole synthesis to form macrocycle
not yet addressed

low ee’s with asymmetric Heck, Chan
reaction on macrocycle not addressed

Has yet to report on approaches to the
heterocyclic rings in the molecule
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