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Total synthesis of marine natural products
without using protecting groups

Phil 5. Baran', Thamas 1. Maimone' & Jeremy M. Richter"

The field of organic synthesis has made phenemenal advances in the past fifty years, yet chemists still struggle to design
synthetic routes that will enable them to obtain sufficient quantities of complex molecutes for biological and medical studies.
Total synthesis is therefore inceeasingly focused on preparing natural products in the most efficient manner possibfe, Here
we describe the preparative-scale, enantioselective, total syntheses of members of the hapalindele, fischerindole,
welwitindolinone and ambiguine families, each constructed without the need for protecting groups—the use of such groups
adds considerably to the cost and complexity of syntheses. As a consequence, molecules that have pravigusly required
twenty or more steps to synthesize racemically in milligram amounts can now be obtained as single enantiomers in
significant quantities in ten steps or less, Through the extension of the general principles demonstrated here, it should be
possible to aceess other complex molecular architectures without using protecting groups. ’

(Baran, P. S. et al. Nature 2007, 446, 404.)

# Synthetic schemes leading to two compounds

is shown in the appendix.
(no comments in this seminar.)
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Structurally
related
apaingole G In some cases, the use of protecting groups may
apalin Fischerini Y] H
ng..rm: e of the ambi A offer a more efficient or even the sole solution ...
hapatindole and welwitindelinane allalaid farmilies and proposed such as poly-ketides, -peptides, -saccharides, and
biesynthetic relationships. . .
: ~nucliotides.

Baran’'s 8 rules

(1)
(2)

3)
(4)

(3

(6)

(7)

(8

redox reactions that do not form C-C bonds should be minimized

the percentage of C-C bond forming events within the total number of steps
in a synthesis should be maximized

disconnections should be made fo maximize convergency
the overall oxidation level of intermediates should linearly escalate during assembly

of the molecular framework i )
{(except in cases where there is strategic benefit such as an asymmetric reduction)

where possible, cascade (tandem) reactions should be designed and incorporated to
elicit maximurn structural change per step

the innate reactivity of functional groups should be exploited so as to reduce the number
of (or perhaps even eliminate) protecting groups

effort should be spent on the invention of new methodology of facilitate the aforementioned
criteria and to uncover new aspects of chemical reactivity

if the target molecule is of natural origin, biomimetic pathways (either kr_mwn or proposed)
should be incorporated to the extent that they aid the above considerations

e

short synthesis
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Total Synthesis of (+)-Haouamine A

Phil S. Baran* and Noah Z. Burns

Department of Chemistry, The Scripps Research Institute, 10550 North Torrey Pines Road,
La Jolla, California 92037

Received January 15, 2006; E-mail: pbaran@scripps.edu

roposed
hinsynthetic
origin

B = H, haouamine A {1

R = OH; hasuaming B 2 blue = lormed by condensation

50 = formeg by oxidation

Figure 1. (a) X-ray steucture of haowmine A (with the vrigial
atom and ring numbering): tb) noteworthy derivations fram
planarity in ring B

Figure 1. Retrosynthetic analysis of haouamine A ().

(Wipf, P. et al. OL 2006, 8, 1901.)

How should bent benzene ring B be constructed?

Not surprisingly, several standard appraoches such as transitional metal based biary! coupling,
Witkop photocyclization, and intramolecular alkylation all failed,

~- 8 Nonaromatic conformational mimic of the bent aromatic ring might serve as a viable precursor
if it wer able to undergo subsequent aromatization.
The pyrone-alkyne Diels-Alder reaction fits these criteria.

Scheme 1. Short Total Synthesis of 1
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? Reagents and conditions: (a) KHMDS (1.I equiv), 5:1 THF/DMPU, 0 °C, 30 min; 6 (1.5 equiv), =78 to 23 °C, 54%; (b} NH20H-HC! (20 equiv),
NaOAc (15 equiv), EtOH, reflux, 24 h, 75%: (c) 2,4,4 6-tetrabromo-2,5-cyclohexadienone (2.2 equiv), DCE, 0 °C, 30 min, then NaBH, (5.0 equiv), EtOH,
50 °C, 1 h; In powder (2.0 equiv}, 2:1 EtOH/saturated aquecus NH4Cl, reflux, 3.5 h, 57% overall; (d) Boc,O {1.2 equiv), DCM, 30 min; (e) 12 (1.6 equiv),
Pd(PPhs)s (0.1 equiv), Cul (0.2 equiv), toluene, reflux, 12 h, 44% overall; () 10:1 DCM/TFA, 3 h; 4-tosyloxybutyne (5.0 equiv), K:CQs (2.5 equiv),
CH;CN, reflux, 6 h, 70%; (g) BBry (10.0 equiv), DCM, —78 to 23 °C, 111 AczOfpyr, 3 k, 67%; (h) DCB (0.001 M), 250 °C, BHT (7.7 equiv), 10 k; PTLC;
K2C0; (4.0 equiv), MeOH, 30 min, 21% I + 30% 1S. BHT = 2,6-di-fere-butylmethy! phenol; DCE = 1,2-dichloroethane; KHMDS = potassium
hexamethyldisilazide; DCB = o-dichlorobenzene.,
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a example of
my ideas

Cascade cyclization for indenotetrahydropyridine ring?
AIBN
NBS

©/0Me OMe
_.__’_

Br allylic bromination
o with
1,3-transpasition

NH,OH;
NaBH,CN

H i
OH
10

@ How should bent benzene ring B be constructed?
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Tetrahedron 1992, 48, 9111.
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Chop-3

Natural Product Synthesis.” .. ;

A Remarkable Ring Contraction En Route to the
Chartelline Alkaloids®*

Phil S, Baran,* Ryan A. Shenvi, and Christos A. Mitsos
ACIE 2005, 44, 3714.

With such a dense array of sensitive and
exotic functionalities, such as spiro-p-lactam,
indolenine, chloroenamide, and 2-Br-imidazole

units ... ﬂ

;5g=g, secutine A 3:R=H, securamine A It is understandable why no member of this family
“h=B secunne B 4R =Br, securamine B has yet succumbed to total synthesis
since their isolation over two decades ago.

8 R = H, chartellamide A irao. "
o R - By ahatallomid B () How should spiro-p-lactam be constructed?

O X,,_ /\l not chserved NR
Ly COMe - NR X— J—R"
N R N
Ly y
A

5R=R
6:R=H, R'=Br, chartelline B
7.R=H=H,chartelline C

X =0CH, Br, Cl, Se, etc.

N (NI B
H #
N X R X R AR
H Me " H0 - “)
1 Me PR T R 0
N N Lon N
Scheme 1. Structures of the chartellines, chartellamides, securines,” c ] E
and securamines, and the retrosynthetic analysis of the carbocyclic

Scheme 2. The known reactivity profife of oxidized indoles suggests

skeleton,
that the proposed rearrangement (11-=10) is unlikely to occur.

Morimoto, T.; Fukuyama, T. et al. PhD Thesis {2006)

Notwithstanding this bleak outlook (= no precedents}, we hypothesized that =-stacking

and confromational effects in the macrocycle 11 would provide sufficient driving force

for a bromine induced ring contraction to yield 10 (via an intermediate of type A).
[Retrosynthetic Analysis]

O  P(O)(OEY), COMe

COMe

cHo =
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Scheme 3. Construction of the complete chartelline, securine, and securamine carbocyclic skeletons. Reagents and cnondit:onvs: a) }v)renylmagne‘
sium bromide, THF, —78°C, 93%; b) 1. KNCS (20 equiv), NH,CI (20 equiv), toluene 105-110°C, 4 h; 2. 6w HCI, 25 .C, 20 min; 3. |‘; Hzgozgz ]

(11 equiv), THF, 25°C, 6 h; ii. 2m NaOH fsaturated aq NaHCO, (4:1), 25°C, 1 h; 4. TBSC| (1.0 equiv}, Er.,N (1.0 equnv),oCHz(IZ.llz, Zi (.; 4 ;4‘rom
13; ¢) NalO, (3.0 equiv), Os0Q, (0.03 equiv), THF/H,0 {2:1), 25°C, 18 h; d) 15 (1 equiv}, K,CO, (1.5 equiv), MeOH, _25 C,6h, 632/3 rom Eﬂ,jH
e) [Pd(PPh,),] (0.3 equiv), Cul (0.7 equiv), iPrNH, {10 equiv), DME, 70°C, 30 min, 71%; f) 1. H,, 10% Pd/C (0.1_equw). Mg'SOtr(H:q:ng, . ,
25°C, 4 h; 2. TBAF (1.1 equiv), THF, 0—-25°C, 3 h; 3. MnQ, (20 equiv), CH,Cl,, 25°C, 8 h, 98% from 18; g} 1. LIOH (3 equw.), fcf\; ;Ooc)
25°C, 5 h; 2. 20 (2.6 equiv), BOPC! (1.5 equiv), DIPEA (2.0 equiv), 0°C, 2 h, 86% from 19; h) LiCi (9.0 equiv), DIPEA (?0 equlv)—i ?H;NC,S_ t
4h, 75%; 1) 1.180°C, 8 min; 2. NBS (1.0 equiv), KHCO; (20 equiv), THF/H,0, 35 min, 88% from 2.2. TBS:t.ert-butyldlmetP.)ylm vl ) —l(.sgv. as-
sium thiocyanate, Boc =tert-butoxycarbonyl, DME =1 2-dimethoxyethane, TBAF =tetra butylammonium flueride, BOPCl = bis (2-oxo-3-oxazolidi-

nyl}phosphinic chloride, DIPEA = diisopropylethylamine, NBS = N-bromosuccinimide.

@ How many unpublished data???

o]
CoMe others:
HN ? i
3 D/ - CO;Me appendage (why? for cycliza?ron?)
i {}“ [\ - - indole coupling via oxidation-reduction.
g%[;e {not like Baran)
Me
24
0 0
OH_NH, HN _-COMe
Cm o™
N N o N P‘ =
H (f I H {Nl'
ﬁMe Me HMe Me
25 26

Scheme 4. Selected dead-end routes to the chartelline, securamine,
and securine carbocyclic skeletons.

.. Completion of the total synthesis of the chartellines and related alkaloids will be reported shortly.
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Total Synthesis of (+)-Chartelline C
Phil 8. Baran* and Ryan A. Shenvi

Department of Chemistry, The Scripps Research Institute, 10550 N Torrey Pines Roud, La Jolla, California 92037
Received August 17, 2006; E-mail: pbaran@scripps.edu

JACS 2006, 128, 14028.

Scheme 1. Postuated Biosynthetic Origins of the Chartelline
Alkaloids [Chartelline C (1): R'=H, R? = H; Chartelline A (2): RT
= Br, R? = Br; Chartelline 8 (3) Ri=H Rz = Br{ and Some
Infermafive Dead-Ends

Baran's belief was defeated.

histidine . . .
praposed My COH N late-stage Br introduction failed.
biosypt_hetic HOLC A \:'1
origin 3 K Me) NH
\__J
N ) preayl
H
\‘*.. ryptophan
b

Decrease of acidity at N-H proton _
should cause the failure of cyclization.

Scheme 3. C-20 Hydroxy-Pyrreloindoline Formed During the
Rearrangement of 6 — 4

e

Scheme 2. Total Synthesis of (+)-Chartelline G2

COMe .
MeQ,C a. Pd{PPfy),, Me0,C,_ TBSQ N & LioH
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J. TEA,
DCE;
——m---—b-
o-0CB,
Br 200°°C

N

gg E: IT-IMSE HMe +% 1 (x-ray)
“ Reagents and conditions: (a) 12 (0.9 equiv}, Cul (0.2 equiv), Pd{PPhs}s (0.1 equiv), DME/EGN (1:1), 50 °(?, 7 h, 85%; (b) Raney Ni, MeO.H, 20 :C,
5 h, 80%; (c) TBAF (1.1 equiv), THF, 20 °C, 4 k; (d) MnO; (20 equiv), CH;Cly, 20 °C, § h, 60% overall; (e) LIC_)H-H;O (3 equiv), T_HFIHzO 4:1, 29 C,
3.5 b (f) 15 (2.6 equiv), BOPCI (1.5 equiv), DIPEA (2 equiv), CHCly, 0 °C, 9 h, 89% overall; (g) LiCl (10 equiv), DIPEA (20 equiv), IvleCN, 70 ; C, 6
h, 56%; (h) Bz, (1.0 equiv), CaCOy (20 equiv), PhH, 20 °C, § h; then NBA (1 equiv), PhH, 20 °C, 12 h, 36%, 60% (see above); (i) 185 °C, 1.5 min (x

4); MeCN, 3 A m.s., NBS (1 equiv), 20 °C; then £8-C-6, K203, 20 °C, | h; then NaHCO; (sar. 2q}, then brine, 15 min, 93% (jj TFA/DCE 1:1, 20 °C. 4
I; 0-DCB, 200 °C, 5 min, 64%.




Direct Coupling of Indoles with Carbonyl Compounds: Short,
Enantioselective, Gram-Scale Synthetic Entry into the Hapalindole and

Fischerindole Alkaloid Families

Phil S. Baran* and Jeremy M. Richter
Department of Chemisiry, The Scripps Research Institute, 10550 North Torrey Pines Road,
La Jolla, California 92037

Received April 13, 2004; E-mail: pbaran@scripps.edu
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mechanistic blueprints T 0 """""
carvone (3)

Base m Me =]
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N
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o
Me,
H
3-

Figw"e 1. R_etrosynthelic analysis of (+)-1 leads 10 the invention of a direct
coupling of indoles with carbonyl compounds,

Scheme 1. Enantioselective Total Syntheses of (+)-1 and (—)-102

a LHMDS,
L-Selectride
then CHyCHG R
N
H
-
b. Martin
sulfurane
e
H .
Me \
c. TMSOTS

Me

H H
8 (75%) 6 (75% overall, dr =>20:1)
(55%, |d. NH,0Ag, d. NH,OAc, | (61%,
€5%bsmly  NaBH,CN NaBH,CN y 66% bsm}

HyN.. o~

” ;ﬁle
9 {dr = 10:1}

7 (dr=6:11)
(60%)1 e. CS(imid),

o CS(imid), J {65%)

SCN,, ~

(~)-12-spiischerindole U
isothiocyanats (10)

“ Reagents and conditions: (a) LHMDS (1.5 equiv}), THF, —78 °C, 20
mir ther L-Selectride (1.05 equiv), | h, then CH;CHO (6.0 equiv), —78—23
°C, 2 h; (b) Martin sulfurane (1.1 equiv), CHCl, 10 min, 75% overall; {c)
TMSOTF (3.0 equiv), MeOH (1.1 equiv), CH:Clz, 0 °C, 1 h, 75% bsm; (d)
NaBH;CN (10 equiv), NHiQAc {40 equiv), MeOH, THF, 150 “C, 2 min,
61% (7); for 9: same reagents, 23 °C, 48 h, 35%; (e) CS(imid)z (1.1 equiv),
CH,Cly, 0—23 °C, 3 b, 63% (1), 60% (10},

{+)-hapalindolz Q (1)

One of precedents:
Saegusa, T. et al. J. Am. Chem. Soc. 1975, 97, 2912.

0
j’\ LDA (4.5 eq);
+
CuCl, (4.5 eq)
DMF, 73% Y
A B C

@ Total Synthesis of Hapaindole Q without
Using Protecting Groups

O
Me

I=

H
2 3

(2eq) (1eq)

LIHMDS (3.0 eq)

Cu(2-ethythexanoate},
(1.5 eq)

THF, -78 °C
53% {70% brsm)

Table 2. Preparation of a-Indole Carbonyl Compounds
° LHMDS (3.0 equiv), indole (2.0
J-L\ oaquiv), THF, ~78 °C
] Copper(ll}2-ethyhexanoate
(1.5 equiv)
Praduct {Yiald %)?

i 12133, dr=>25:1)°

[s] B‘
L .
t "JS—Q
Me % NH

14 {43, dr = 5:1)

QT\COZGU
1

8 e

-

o’f W
0
15: By = H; R = H (48 (60} dr =>20:1)°
16: Ry = F; Ry = H (30 {90)% dr = 10:1)
17: Ry = H; Ry = Me (36 (96} dr = 10:1)
18: Ry = H: Ry = OMe (37 (49, dr = 17:1)¢

“ Isolated yield after chromatography.  Yield based on recovered sm.
“LDA used.
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for his outstanding achievements
in the art of organic synthesis

Woodward, R. B. (1965)

---. for his development of
the theory and methodology of organic synthesis

Fresentation Speech by Professor Salo Gronowitz Co rey, E. J. (1 990)
in Nobef Prize.

Corey has thus been rewarded with the Prize for three intimately connected contributions,
which form a whole.

Through retrosynthetic analysis and introduction of new synthetic reactions, he has
succeeded in preparing biologically important natural products.

Corey’s contributions have turned the art of synthesis into a science.

1945 1990 2000

1) less redox reaction 5) cascade reaction

2) more C-C formation 6) no protecting groups

3) convergency 7) new methodology

G

4) linear escalation of [Q]

8} biomimetic reaction




Scheme 3. Total Synthesis of (+)-Garsubellin A2
o] o OTPS

OFt

“ Conditions: (2) LDA; prenyl bromide, BuyNI. (b) MeLi-LiBr; HCI, 100% {two steps). (¢} MeMgBr, Cul (22 mol %); ‘PrCHO, 61%. (d) TIPSOTTY,
2,6-lutidine, 92%. (&) PhSiHi, Co(acac); (20 mol %), Oz, 73%. (f) MOMCI, ‘Pr,NEt, BuyNI, 96%. (g) KHMDS, prenyl bromide, BugNI, 98%. (h) LDA,
TMEDA; CHyCHO, 94%. (i) Martin sulfurane, 98%. (j} AD-mix-c. (0.4 mol % of Os), CH380,NH;. (k) Triphosgene, pyridine; separation. 30% (two steps).
(1) HF-pyridine. (m} PDC, Celite, 70% (two steps). (a) NaHMDS, MS4A., ethiylene carbonate; allyl iodide, 82%. (o) NaQAc, 200 °C, 96%. (p) 14 {20 mol
%), 92%. (q) (PhSe)y, PhlOy, pyridine. (r) CSA, 70% (two steps). (s} LiOH. (t) Na,PdCle, TBHP, 71% (two steps), (u) 12, CAN. (v} p-TsOH-H:0, 80% (two
steps). (w) PdCly-dppf, tributyl prenyl tin, 20%.

In the case of garsubellin A

direct reaction:

=

— C-C or C-X bond formation ‘é =ab,c,g,h,optw

indirect formation § = n (Claisen rearr.)
u (Stille coupling)

A
T

|

functional interconversion 4§ =i, j (ox), m {ox), q (ox)

protecting group g =d, e, f ks, v
7

selective
oxidation

(@ Baran emphasizes cascade/biomimetic synthesis

cascade reacti




Syithesis of (+3-CP-263.114

Chuo Chen, Mark E. Lavion, Scott M. Shechan, and
Matthew D Shair*

Department of Chemistry and Chemical Biology
Harvard University, Cambridve, Massachusetts 02138

Received June 2 2000

l. artificial design
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ll. biomimetic synthesis
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protecting Cg ketal I\

TMSOTS (2 eq) )
HC(OMe); (2 eq)

T
Y

CHzclz, -78to 0 °C
83-92% (6 steps)
biomimetic
domino-cyclization

|

SiM93

Fries fike 12
rearrangement




@ Total synthesis of enormous molecules by force
with the strange combination of various methods,
which is a sophisticated one in itself.

Histrory has a lot to teach us about the future.

1) Raney-Ni, EtOH
2) 0-NO,PhSeCN

P(""BU)S; 30% H202 H
> i 0o
3) O3; Me,S MOMO (o} 0 .
80% {3 steps) H 1) MesLi, THF -
— 2) TFAA, DMSO:
Hunig base
9 76% (2 steps)
0Bn 1) TEA, CH,Cl,, it

FAA, DMSQ

8
“H i 5 .
momd S 0 OA o o ; | Q
X X
16 11




Why are Baran's syntheses all beautiful?
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TESLTRCETEREFNER VLT, RADEEILELHEHDOM
& [EIITIEGEYAH DD TIE, BIFLBLAL,

Woodwardh ¥ Z—(quinine)Z L £ Y £IF . T2 & IE1 S
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[CLTEHNZ# 425, SchreiberDFK-506 DR ED L3 EZIL. Bz
Sl Dy,

LA BAELTE [7—rLTOEESRISESICHEEY-,
THEL. @EHEV S ABER ML LOIC. YNEERESGESN
TERS..... & ZLETIEEDELTE. FNTET —L70- 2 EHK30
BLWTOEMHEELILLE=LY,

WoodwardD & # DR LL ST TY RO AL (erythromycin) D &

GRUIERATNDE, ThiEEHRIZEEETD. TOEH L—MiE,

EREOIZELATODEHL INCCAHE TS, TERBHEHE
AESTLADE, 1981 FEDFELMNS, LWEMS20EL LD 2O
— T ZCITE SO HENS I OB,

*
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