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Abstract: A method of palladium-catalyzed asymmetric allylic substitution for synthesizing 2-substituted
cyclohexenylamine derivatives was established. Treatment of a 2-silyloxymethylcyclohexenol derivative
with ortho-bromo-N-tosylaniline in the presence of Pd,dbas-CHCIl; and (S)-BINAPO in THF afforded a
cyclohexenylamine derivative with 84% ee in 80% yield. The Heck reaction was carried out to produce an
indolenine derivative in good yield. Using this method, we synthesized indolenine derivative 7, which was
recrystallized from EtOH to give an optically pure compound. From this compound, tetracyclic ketone 13,
which should be a useful intermediate for the synthesis of indole alkaloids, could be synthesized. The total
syntheses of (—)-dehydrotubifoline, (—)-tubifoline, and (—)-strychnine were achieved from 13. All ring
constructions for the syntheses of these natural products were achieved using a palladium catalyst.

Palladium catalysts have played an important role in recent Synthesis of Chiral 2-Substituted Cyclohexenylamine
synthetic organic chemistry, and palladium-catalyzed reactions Derivatives Using Palladium-Catalyzed Allylic
have been used quite often in the syntheses of natural productsSubstitution

We have already repo”?d an _enantiosglective synthesis of If we expect to obtain an indole derivative as a chiral form,
2-arylcyc|oh_exene d_er|\_/at|ves using palladium-catalyzed asym- .o ayment oftawith Pd(0) having a chiral ligand should afford
metric aIIyllp Sl_JbSt_'tu“on (Scheme 1)When 2-arylcyclo- IV as a chiral form. However, because the functional group in
hexenol Qerlvatlvd IS trgated with Pd(Q) in the presence of a IV is only an olefin, it is difficult to synthesize indole alkaloids
nucleophile z-allylpalladium complex| is formed. Although ¢,y |/ " Thys, an alternative procedure was considered. If
palladium complexl is in a meso form, if the palladium catalyst cyclohexenol derivativa/ having the functional group at the

has a chiral I|g§1nd, a nucleophile should aFtack from one side 2-position is reacted with aortho-haloaniline derivative in the
of sz-allylpalladium complexll, and the chiral cyclohexene

derivativelll orentlll would be produced. Using this method, cyclohexenylamine derivativél , which should give an indoline

we.have synthesized cyplohexene denyalmas a chlral for.m, derivative as a chiral form by treatment with a palladium catalyst
which was converted into hexahydroindole derivat®esia (Scheme 3)

zirconium-promoted cyclization. From compoudtotal syn-
theses of {)-mesembrane and-j-mesembrinkwere achieved.
Furthermore, cyclohexene derivatil® was also synthesized
as a chiral form using this procedure, and the total syntheses of
(+)-crinamine, ¢)-haemanthidine, andH)-pretazetine were
achieved via carbonyl-ene cyclization as a key 3bep.

presence of Pd(0) with a chiral ligand, we would obtain

From this indoline derivativ&/Il , indole alkaloids, such as
tubifoline aspidospermine and strychnine, would be synthesized.

At first, 2-carboethoxy cyclohexenol derivativga® was
chosen as a substrate. When a DMF solution3af and
allyltosylamide4 was stirred in the presence of 2.6 mol % of
] A Pd(dbayCHCl; and 5.2 mol % of §-BINAPO* at room
There are many aIkaI0|ds_ that have an aromatic ring €on- temnerature for 3 h, cyclohexenylamine derivate was
nected to a cyclohexane ring. Even in the case of indole ghiained in 40% yield, but the enantiomeric excess (ee) was
alkaloids, these ring systems are found in the molecule. Theseomy 5% (Table 1, run 1). Compound3b or 3¢ having the

alkaloids could be synthesized from a 2-arylcyclohexene de- g5 or the hydroxymethyl group as a functional group did not
rivative (Scheme 2). Here, we report the construction of

an indole skeleton as a chiral form using palladium-catalyzed (2) Recently, similar type reactions were reported by two groups: (a) Trost,

i ituti ium- B. M.; Toste, F. D jsinmiissmamiio ©00Q 122, 11262. (b) Hamada, Y.;
aIIyllc_ substitutio® followed by a palladium-catalyzed Heck SakaGUCh, K.: Ho e 12001, 42. 1207,
reaction. (3) Graff, M.; Al Dilaimi, A.; Seguineau, P.; Rambaud, M.; Villeras, J.

tt1986 27, 1577.
(4) Grubbs, B. H.; DeVries, R. Amttm??, 18, 1879.
(1) (a) Mori, M.; Kuroda, S.; Zhang, C.-S.; Sato, jiuiniisaai 1997, 62, (5) Conversion of5a into 5¢c was carried out by treatment with LiAlK

5265. (b) Nishimata, T.; Mori, M janinifesisiasn. 1998 63, 7586. (C) and the ee ofsc was determined by HPLC analysis using DAICEL

Nishimata, T.; Yamaguchi, K.; Mori, Mjaississsusssisgtt! 999 40, 5713. CHIRALCEL AD (hexanePrOH = 9:1).

10.1021/ja029382u CCC: $25.00 © 2003 American Chemical Society J. AM. CHEM. SOC. 2003, 125, 9801—9807 = 9801
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Scheme 1. Asymmetric Synthesis of 2-Arylcyclohexene Table 1. Asymmetric Allylic Substitution?@
Derivatives
R R Ts
OCH. OCO,Me NHTs
S oH OCH3 OCHj Me N N~ @0 —
° R OCHs OPPh3
O Pd(o)L* \\\ Pd,(dba)s-CHCls Q0
— = 3 (S-BINAPO, rt 5 (S)-BINAPO
OR Nu P d+ Nu Nu
run R solvent time (h) yield (%) ee (%) 3 (%)
| n ent-ll 1 COOgt 3a DMF 3 5a 40 5 —
2 —< j 3b THF 24 — — 84
OMe OMe
CH,OH 3c DMF 13 - - 29

OCHj3
OCH; ©/0Me
O - OH
N

8 TN
H CHPh, H Me
X =H, (-)-Mesembrane
1a 2 02 (-)-Mesembrine
(o] /S~ /0
-—\O O@; (o]
I OEt ¥ WOH " OoH
I e OH
‘ OEt ) h{
TN ” ]
MeO i MeO 4
1b

(+)-Crinamine (-)-Haemanthidine

Scheme 2. Natural Products Having a 2-Arylcyclohexene Moiety

Lycoline Aspidospermine

Strychnine

Scheme 3. Our Plan for the Synthesis of an Indole Derivative

J AN ws
:> N

Br

fj @’ D — (ﬂ‘
Pd(0)Ln*

3

4 CH,0Bn 3d THF 28 5d 49 34 36
5 CH,OTBDMS 3¢ THF 100 5e 53 78 23
6 CH,0TBDMS 3¢ DMF 35 5e 70 77 —
7 CH,OTES 3f DMF 2 5f 66 71 —
8 CH,OTBDPS 39 DMF 12 5g 57 75 —
9 CH,OTBDMS 3e CHxCl; 72 5e 44 68 —
10 CH,OTBDMS 3e DMSO 25 5e 44 76 —
11 CH,OTBDMS 3e CHsCN 8 5e 48 73 —

a All reactions were carried out using #dbay-CHCI; (2.6 mol %) and
(9-BINAPO at room temperaturé.Enantiomeric excesses were determined
by HPLC using a DAICEL CHIRACEL AD (hexan®rOH = 9:1) after
debenzylation obd or desilylation of5e

Table 2. Effect of Temperature for Allylic Substitution?

OTBDMS /\/NHTS OT?DMS
4 S
OR Pd,(dba)s-CHClg ANPEN
(S-BINAPO, DMF
3 se
run R conditions yield (%) ee (%)°
1 COMe 3a rt,3.5h 70 77
2 COMe 3a 0°C,120h 50 80
3 CO,CH,=CH, 3h rt, 10 min 76 77
4 CO,CH,=CH; 3h 0°C,11h 50 80
5 CO,CH,=CH, 3h —20°C,72h 49 82
6 PO(OEt) 3i —20°C,72h 38 82

a All reactions were carried out using #dbay-CHCI; (2.6 mol %) and
(9-BINAPO. P Enantiomeric excesses were determined by HPLC using a
DAICEL CHIRACEL AD (hexanePrOH = 9:1) after desilylation obe

reaction was carried out under similar conditions in THF. After
100 h, the desired compoue with 78% eé was obtained in
53% yield (run 5). When the solvent was changed to DMF for
this reaction, the reaction time was surprisingly shortened to 3
h (run 6). Other silyl groups afforded similar results (runs 7
and 8). Various solvents, such as £Hp, DMSO, and CHCN,
were used for this reaction (runs-21), and DMF gave the
best results (run 6).

Next, to improve the ee de the reaction was carried out at
a lower temperature. When the reaction was carried out at 0
°C, the reaction rate decreased, and the desired comgsind
was obtained in 50% vyield with a slightly increased ee after
120 h (Table 2, run 2). Thus, vinyl carbonate developed by our

afford the desired product (runs 2 and 3). In the case of 9roup was used as a leaving groufs expected, the reaction

2-benzyloxymethylcyclohexenol derivati@e, the desired com-

rate increased, and even &@the starting material disappeared

pound5d was obtained in 49% yield, and the ee showed 84% ©n TLC after 11 h, and the same ee was obtained (run 4). At

(run 4). Encouraged by this result, ttert-butyldimethylsilyl-
oxymethyl group was chosen as a functional group, and the

(6) The ee’s ofsd and5e were determined after conversion irio.

9802 J. AM. CHEM. SOC. = VOL. 125, NO. 32, 2003

(7) (a) Mori, M.; Nishimata, T.; Nagasawa, Y.; Sato, HI
2001 343 34. Palladium- catalyzed aIIyIatlon using allyl vinyl carbonate
was reported. (b) TSU]I J.; Minami, |.; Shimizu Sigississsesssastt1 983

24, 1793. (c) Shimizu, | 2 Minami, I; Tsup nsaasususingt1 983 24,
1797.
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Table 3. Reaction of 3 with a N-Tosylaniline Derivative?

X (1. iv.
OTBDMS @[ (1.1 equiv.) OTBDMS
6a X=H
é/on NHTs g1 x_Br Ils
Pd,dbag-CHCls (2.8 mol %) D
Ligand (5.6 mol %), DMF X 7a X=H
3 7b X=Br
temp time yield ee
run R ligand 6 (°C) (h) (%) (%)
¢ COMe 3e dppb 6a nt 96 7a 12
2 COMe 3e (9-BINAPO 6a rt 3 7a 8 76
3 COMe 3e dppb 6b 60 48 7b
4  COMe 3e (9-BINAPO 6b rt 7 7b 78 80
5 COCHs~CH; 3h (S-BINAPO 6b 0 21 7b 64 84
6 COCH~=CH, 3h (9-BINAPO 6b —20 168 7b 67 83
7 PO(OEt) 3i  (9-BINAPO 6b 0O 36 7b 80 84

a All reactions were carried out using #dba)-CHCI; (2.6 mol %) and
(9-BINAPO in THF.? Enantiomeric excesses were determined by HPLC
using a DAICEL CHIRACEL 0J after desilylation af ¢ Here, dppb was
used as a ligand.

—20 °C, the ee slightly increased to 82% (run 5). When

Table 4. Synthesis of an Indoline Derivative by the Heck Reaction

OTBDMS

Ts

{ N :
Br
7b

Pd(OACc), (5 mol %)
ligand (10 mol %)

base (2 equiv.)

90°C,24h
OTBDMS OTBDMS
NOE
L b
SwoaleN
TsH TsH
8a 8b
run ligand solvent base 8a (%) 8b (%) 7b (%)
1 PPh DMF PrNEt 26 13 31
2 dppb DMF PrNEt 13 1 76
3 PPh DMF Ag.COs 42 8 33
4 PMePh DMF Ag2.CO3 52 13 29
5 PMePh DMF AxCOs 56 19 20
6 PMePh GH7CN AgCOs 17 1 71
7 PMePHt DMSO AgCOs 47 0 38

a Reaction temp: 108C.

phosphate was used as a leaving group, the reaction proceedegcheme 4. Retrosynthetic Analysis of Indole Alkaloids

at the same temperature, and the same ee was obtained, aIthounI

the yield of5e slightly decreased (run 6).

To construct an indole skeleton, the nucleophile was changed
to ortho-halo aniline derivatives. When a DMF solution &&
and N-tosylaniline6a was stirred in the presence of Jdba:-
CHCIz and dppb at room temperature, the desired compound
7awas obtained in only 12% yield after 96 h (Table 3, run 1).
Whenortho-bromoN-tosylaniline7b was used as a nucleophile,
the reaction did not proceed (run 3). Surprisingly, when the
reaction of3ewith 6awas carried out in the presence of Pd(0)
and ©-BINAPO as a ligand, the desired compound was
obtained in 85% yield with 76% é&eafter ony 3 h (run 2).
Furthermore, the use ajrtho-bromoN-tosylaniline 6b as a
nucleophile gav&b with 80% eé in 78% yield (run 4). These
results indicate that the use oB){BINAPO as a ligand

Strychnine Tubifoline

Vil

NH
Aspidospermidine

CN
Vil — —
N
10

CN
0,0 — »
Br Ts

9

TsH

accelerated the reaction rate, although the reason for this is no
clear. In the case of vinyl carbona?é, the reaction proceeded

at 0°C, and the desired compound with 84% ee was obtained
in 64% yield (run 5). The lower reaction temperature did not
affect the ee of7b (run 6). In the case of phospha2g the
reaction rate slightly decreased as compared to that of vinyl
carbonate2h, but 7b with higher ee was obtained in high yield
(run 7).

Because the asymmetric synthesis of a cyclohexenylamine
derivative was established, the construction of an indole skeleton
was next examined using the Heck reacfiohen a DMF
solution of 7b was stirred in the presence of 5 mol % of
Pd(OAc), 10 mol % of PPk and'PrLNEt (2 equiv) as a base
at 90°C for 24 h, the desired indolin@a and8b were obtained
in 26% and 13% vyields, respectively, along with in 31%

(8) The ee’s obaand6b were determined by HPLC analyses using DAICEL
CHIRALCEL OJ-R (CHCN/H,0O = 9:1) and DAICEL CHIRALCEL OJ
(hexanePrOH = 9:1) after desilylation by treatment wit4 N HCI,
respectively.

(9) (a) Heck, R. F.; Nolley, J. P., 1972 37, 2320. (b) Mizoroki,
T.; Mori, K.; Ozaki, A. 971, 44, 581. (c) Tsuji, J.
Palladium Reagents and Catalys#®hn Wiley & Sons: New York, 1995;
p 125. (d) Negishi, EHandbook of Organopalladium Chemistry for
Organic Synthesjslohn Wiley & Sons: New York, 2002; Vol. |, Part V.
(e) Abelman, M. M.; Oh, T.; Overman, L. 1987 52,
4130. (f) Grigg, R.; Loganathan, V.; Santhakumar, tt
1991, 32, 687. (g) Rigby, J. H.; Hughes, R. C.; Heeg, M subiitasiuiaiil-
S0c.1995 117, 7834.

yield (Table 4, run 1). The use of a bidentate ligand did not
give a good result (run 2). When AQ0s%f was used as a
base to prevent the formation of olefin ison&#,% the yield

of the desired indolin®a increased to 42%, althoudtb was
formed in 8% yield (run 3). Various ligands were examined,
and PMePh gave good results (runs 4 and 5). The reaction rate
decreased when DMSO was used as a solvent, but8aniyas
formed (run 7). The results of NOE experiment8afindicated
that the stereochemistry of the ring junction84 is cis.

Thus, a novel method for synthesizing chiral indoline
derivative8afrom cyclohexenol derivativgi using palladium-
catalyzed asymmetric substitution followed by the Heck reaction
was established.

Synthesis of a Tetracyclic Ketone as an Important
Intermediate for the Synthesis of Indole Alkaloids

We next turned our attention to the total syntheses of indole
alkaloids such as strychnine, tubifoline, and aspidospermine
(Scheme 4). These alkaloids could be synthesized from tetra-
cyclic ketoneVIll , which should be an important intermediate
for the synthesis of various indole alkaloids as chiral forms.
Compoundvlll would be obtained from nitril&0, which would
be obtained fron® by a Heck reaction. Compour@ishould be

J. AM. CHEM. SOC. = VOL. 125, NO. 32, 2003 9803
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Scheme 5. Synthesis of an Indoline Derivative

Table 5. Hydroboration of 14

CN CN___ NOE run BR; temp (°C) 15 (%) 16 (%) 14 (%)
1. 4N HCI 2 mol % Pd(OAc),
2 PBr. 4 mol % Me,PPh 1 BHz THF 0 51 49
™ 3' NaéN N - N 2 BHs THF —20 44 49
‘ & Ts giﬂzggs 9(; 3;"'1-)” TH 3 9-BBN rt 9 34 41
o6 O : ' 87% 10 4 9-BBN 50 5 80
Scheme 6. Allylic Oxidation of a Cyclohexene Scheme 7. Synthesis of Tetracyclic Ketone 13
NHBoc NBoc NBoc
10 SeO, BR3 OH
1. LAIH, dioxane N " then H,O. O 0 * O a
. Ll 1 en
J 2. Bocy0 reflux 19% T ™ o1 NaOH TH Mk~ oHf
12
NHBoc 15 16
NBoc
O ‘ CrOs NBoc
e 35-DMP (COCl),, DMSO
CHCl,, -10°C N o _—
11 74% TsH then NEtg N o
19% SH
13 87% 13
Pd(OAc) NBoc o .
benzoquinone was thought that the C-15 position is less hindered than the
MnO, N C-14 position. Thus, it was expected that the hydroxyl group
AcOH, 50 °C L would be introduced at the C-15 position by hydroboration.
7% 4 Hydroboration ofl4 using BH: THF followed by treatment with
NHBoc NBoc H»0, in aqueous NaOH gave alcohdl$ and 16 in 49% and
(+Pd(OAQ), \PdOAc 51% yields, respectively (Table 5, run 1). The same results were
O ‘ ‘ obtained even at a lower reaction temperature (run 2). The use
+N H N H of a large hydroboration reagent, 9-BBN, afforded the desired
| s Tsﬁ alcohols16 as a major product, and an elevated temperature

obtained from7b as a chiral form. Thus, the possibility of
synthesizing tetracyclic ketonéll from 7b was examined.

Deprotection of7b with 4 N HCI followed by treatment with
PBr; and then NaCN in DMSO gave nitril@ in good yield.
The palladium-catalyzed Heck reactionqgfroceeded smoothly
under previous reaction conditions to gil® in high yield
(Scheme 5). The results of an NOE experiment@indicated
that the ring junction of the fused 5,6-membered ring is also
cis.

To obtain tetracyclic keton¥Ill , the Michael addition of
amine, which would be obtained from nitril&0, to a,3-
unsaturated ketone was examined. TreatmehOafith LiAIH 4
followed by protection of the primary amine with Bg®
afforded compound 1. Allylic oxidation of 11 with SeQ gave
allyl alcohol 12 in low yield. On the other hand, treatment of
11 with CrQ;z in the presence of 3,5-DMP at10 °C afforded
the desired tetracyclic ketori3, but the yield was only 19%.
Various attempts to improve the yield @B were made, but
the results were fruitless. Thus, palladium-catalyzed allylic
oxidation of11 was carried out. When an acetic acid solution
of 11 was stirred in the presence of 10 mol % of Pd(OAdpD
mol % of benzoquinone, and 2 equiv of Mg®at 50°C for
15 min, we surprisingly obtained compoutd in 77% yield.
Probably, the double bond d@fl coordinates to the palladium

catalyst, and then amide nitrogen attacks olefin to give palladium (11)

complexii. f-Hydrogen elimination fronii then occurs to give
14 (Scheme 6).
Subsequently, conversion of the olefinlafinto ketone was

gave alcohold6in 80% vyield (runs 3 and 4). Swern oxidation
of 16 was carried out to give the desired tetracyclic kethBe
in high yield.

Thus, we achieved the synthesis of tetracyclic kettigom
cyclohexenol derivativ€b (Scheme 7).

Total Syntheses of ( —)-Dehydrotubifoline and
(—)-Tubifoline and Determination of the Absolute
Configuration of a 2-Silyloxymethylcyclohexenylamine
Derivative

As target molecules for the synthesis of indole alkaloids, we
focused ortrychnosalkaloids, )-dehydrotubifoline and-)-
tubifoline 1* which have been synthesized by several grdéps,
as racemi®®d or chiral?¢ forms.

A retrosynthetic analysis of «)-tubifoline is shown in
Scheme 83 (—)-Tubifoline would be synthesized from de-
hydrotubifoline, which would be obtained froiX using the
Heck reaction. Compouri& would be obtained fronX, which
would be synthesized from tetracyclic keto@8. Thus, the
possibility of conversion of the keto-carbonyl groupldinto
olefin using a palladium catalyst was examined.

At first, we tried to convert keton&3 (84% ee) regioselec-
tively into an enol triflate. Treatment df3 with LDA followed
by the addition of PhNTfat —78 °C afforded enol triflated7

For the isolation and structural elucidation of this alkaloid, see: Kump,
W. G.; Patel, M. B.; Rowson, J. M.; Schmid, |sinimsiissssiage1964

47, 1497.

(12) (a) Danson, B. A.; Harley-Mason, J.; Foster, GGttem. CommurL968
1233. (b) Takano, S.; Hirama, M.; Ogasawara tt1982

23, 881. (c) Ban, Y.; Yoshida, K.; Goto, I.; Oishi, T.; Takeda, E.
199Q 55, 6299. (e) Amat, M.; Coll, M.-D.; Bosch, J.; Espinosa, E.;

carried out. On the basis of the results of a modeling study, it wwsa 39, 3657. (d) Amat, M.; Linares, A.; Bosch, L.Qug
Molins, E.

(10) Hansson, S.; Heumann, A.; Rain, T.; Akermark jiiigeaiaim 1990
55, 975.

9804 J. AM. CHEM. SOC. = VOL. 125, NO. 32, 2003

4997, 8, 935.
(13) Preliminary report: Mori, M.; Nakanishi, M.; Kajishima, D.; Sato,Qtd,
Lett. 2001, 3, 1913.


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja029382u&iName=master.img-008.png&w=235&h=53
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja029382u&iName=master.img-009.png&w=212&h=238
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja029382u&iName=master.img-010.png&w=205&h=116

Synthetic Pathway to Strychnos Indole Alkaloids

ARTICLES

Table 6. Conversion of Ketone into Enol Triflate

run base temp (°C) 17 (%) 18 (%) 13 (%)
1 LDA —78 8 14 55
2 KHMDS —78 21 44 24
3 KHMDS —50 53 trace 11
4 KHMDS —35 64
5 KHMDS 0 54

Scheme 8. Retrosynthetic Analysis of (—)-Tubifoline

(-)-Tubifoline

Dehydrotubifoline

N NR? NBoc
Swo)Sieneor
| N (@)
gsH r,;:aH TsH
IX X 13

Scheme 9. Conversion of Ketone 13 into Olefin 19

NBoc NBoc
PhNTf,
o 2 O OO
base N N
NsH OTf Nh oTf
17 18
NBoc
Pd(OAc),, PPhs
HCO.H
17 —
ProNEt N
2 TsH
19

and 18 in 8% and 14% vyields, respectively (Table 6, run 1).
The base was changed to potassium hexamethyldisilazamide
(KHMDS),'* and the reaction was carried out-af8 °C to give
17and18in 65% yield (ratio of 1 to 2, run 2). Becaud& was

considered to be a thermodynamic product, the reaction tem-

perature was raised te50 °C. As a result, the yield ofl7
improved to 53%, and only a small amountid was formed.

—35 °C, the desired compount7 was obtained as a sole
product in 64% yield (runs 3 and 4). Treatment of enol triflate
17 with HCO,H and PPh in the presence of Pd(OAckhnd
PPh!5 gave the desired olefib9 in quantitative yield (Scheme
9).

Deprotection of the tosyl group d with sodium naphtha-
lenide followed by treatment with GEO,H gave diamine.
Monoalkylation with21%62in the presence of }CO; gave20
in 49% vyield from19. An intramolecular Heck reactiéf1?

using a palladium catalyst gave a pentacyclic compound in 59%

yield, whose!H and 13C NMR spectra agreed with those of
(—)-dehydrotubifoline reported in the literatu¥eHowever, the
[a]p value of ()-dehydrotubifoline is not known. Thus,
hydrogenation of+{)-dehydrotubifoline with Pt@in EtOH was
carried out (Scheme 10). The]p value'® and'H and3C NMR

(14) (a) Stang, P J.; Dueber, T. Gugaeaath 1974 54, 79. (b) McMurry, J.
; Scott, 11983 24, 979.

(15) Cacchl S Morera E.; Orter, tt1984 25, 4821.

(16) (a) Rawal, V. H,; Michoud, C.; Monestel, R. P)d.993
115 3030. (b) Crawley, G. C.; Harley-Mason, Ghem. Commuril971,
685. (c) Angle, S. R.; Fevig, J. M.; Knight, S. D.; Marquis, R. W., Jr.;
Overman, L. E d.993 115 3966.

17) Jeffer

( Y, T*ttlg&a 26, 2667.
(18) 84% ee, ¢ —311° (c 0.236, ACOEY).

Figure 1. (—)-Strychnine.

Scheme 10. Synthesis of (—)-Tubifolin

1. Na- naphthalenlde
2.CF3COzH
19 3 2 | X \/K/ Br|
3.21,K,COs
49%
N Hz
PtO,
Pd(OAc), (+)-tubifoline
Bu,NCl, N7 N, EtOH
KaCOs 599, 32%
(-)- Dehydrotubifoline

spectra of the hydrogenation product agreed with those-pf (
tubifoline reported in the literaturg:1®

The results indicated that the absolute configuratiorYof
obtained by asymmetric allylic substitution w&s Thus, we
succeeded in the total syntheses e)ehydrotubifoline and
(—)-tubifoline from allylamine derivative7b, which was
synthesized by palladium-catalyzed asymmetric allylic substitu-
tion by 16 steps. All of the steps for the ring constructions were
achieved using palladium catalysts.

Total Synthesis of ( —)-Strychnine

(—)-Strychning?® which is the most well-known of the
Strychnosalkaloid, has seven rings and six asymmetric centers
in the molecule and is one of the most complex natural products
in its size (Figure 1). Although Woodward succeeded in the
total synthesis of)-strychnine in 1954! there were no other
reports on the total synthesis of strychnine for about 40 years.
However, tremendous progress has been made recently in
synthetic organic chemistry using organometallic complexes,
and the total syntheses of complicated natural products have
been achieved using novel procedures. In 1992, M&gnus
reported the total synthesis of strychnine, and Overman suc-
ceeded in the first asymmetric total synthesis-ej-(and (+)-
strychnine in 19933 Following these reports, several groups
succeeded in the total synthesis ef){ or (&)-strychnine?425
Rawal’s synthetic process is particularly remarkable, although
strychnine obtained by his process is in a racemic f&itwery
recently, Vollhardt succeeded in the total synthesis - (
strychnine using an ingenious cobalt-catalyze#tZ2-2]cyclo-
addition as a key stefs.In the past decade, eight synthetic

(19) Schumann, D.; Schmid, 1963 46, 1996.

(20) Isolation: (a) Pelletier, P. J.; Caventou, J.An. Chim. Phys1818 8,
323. Structural elucidation: (b) Briggs, L. H.; Openshaw, H. T.; Robinson,
R. J. Chem. Socl1946 903. (c) Woodward, R. B.; Brehm, W. L Am.
Ehemaeec1948 70, 2107.

(21) (a) Woodward, R. B.; Cave, M. P.; Ollis, W. D.; Hunger, A.; Daeniker, H.
U.; Schenker, K. Mdﬁm 76, 4749. (b) Woodward, R.
B.; Cave, M. P.; Ollis, W. D.; Hunger, A.; Daeniker, H. U.; Schenker, K.
immiahasian1 963 19, 247.

(22) Magnus, P.; Giles, M.; Bonnet, R.; Kim, C. S.; McQuire, L.; Merritt, A.;
Vicker, A. d.993 115 8116.

(23) (a) Knight, S. D.; Overman, L. E.; Pairaudeauww%
115 9293. (b) Knight, S. D.; Overman, L. E.; Pairaudeaugigitailin.
Soc.1995 117, 5776.

(24) For a review of the total synthesis of strychnine, see: Bonjoch, J.; Sole

D. Ghadmg 200Q 100, 3455,
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Mori et al.

Scheme 11.

Retrosynthetic Analysis of (—)-Strychnine
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Scheme 13. Construction of a G-Ring

Scheme 14. Total Synthesis of (—)-Strychnine

,'q H 1. NaO'Pr Pd(OAc),
XIV 2. CF3COH BusNCl
26 ————
Scheme 12. Introduction of an Esterl Group at the a-Position of a 3.29, LizCOs 17N 93"%
Keto-Carbonyl Group 53% @ Sio 48%
7b 27
U oN N N
NBoc 1. LiAlH,
| e X
O ‘ s 4 WA 2K N
MR L S so " o
Ts s™ CoMe 44% O
10 99% ee from EtOH 22 28 (+)-Isostrychnine
! l KOH
approachésf to strychnine have been successful. Among them, B’\)\/\os, EtOH
four enantiospecific syntheses of)-strychnine have been Si=SiMe,'Bu (-)-Strychnine

reported. Magnus succeeded in the total synthesis using a relay
compound obtained from—)-strychnine?? Overman prepared  alkyl group at thea-position of the carbonyl group df3 to
the starting material by an enzymatic desymmetrizatfon. give XIl followed by the formation of a carbemitrogen bond
Kuhne®®asucceeded in the total synthesis ef{strychnine from for construction of the G-ring. The other is the introduction of
a chiral poolL-tryptophane, and Bosé¥ used diastereoselective  an acyl group on nitrogen to foridlV and then construction
reductive double amination for the synthesis of perhydroindolole of the G-ring. Synthesis of cyclohexene derivative was
derivative as an intermediate. However, there has been no reportarried out using palladium-catalyzed asymmetric allylic sub-
on the total synthesis of«)-strychnine from an enantiomerically  stitution.
pure compound obtained by a transition metal-catalyzed asym- At first, we chose the former reaction pathway to construct
metric synthesis. XIlI' by introduction of an acyl group at the-position of the
We have succeeded in the total synthesis-ef-dehydro- carbonyl group irl3, which was obtained frorh0. Compound
tubifolin and )-tubifoline from an optically active cyclohexene 7b was converted into compourdd®, which was recrystallized
derivative synthesized by palladium-catalyzed asymmetric allylic from EtOH to give optically purelO ([o]p —46.7, 99% ee?®
substitution as a key step. The next target molecule that we 73% recovery). However, many attempts to introduce an acyl
focused on is £)-strychning?” which should be synthesized group to thea-position of the keto-carbonyl group a8 were
from tetracyclic ketonel3. Our retrosynthetic analysis of fruitless due to steric hindrance of the large protecting group
(—)-strychnine is shown in Scheme 11. We have already on aniline nitrogen (Scheme 12).
constructed the ABCD rings of strychnine as a tetracyclic  Thus, we next tried to introduce an acyl group on nitrogen
ketone!® Thus, construction of the G-ring is important for the to form a carbor-carbon bond (Scheme 13). Deprotection of
synthesis of {)-strychnine from tetracyclic ketong3. Two the tosyl group of13 followed by acylation with acryloyl
pathways should be considered. One is the introduction of anchloride gave compoun®3. Michael addition was carried out
by treatment witht-BuOK, but a low yield of24 was obtained,
€ ! : ) and the reproducibility was not good. Thus, we tried construction
63, 9427. (b) SoleD.; Bonjoch, J.; Gafe-Rubio, S.; PeidrcE.; Bosch, J . . .
d.999 38, 395. Racemic syntheses: (c) Stork, . Of @ G-ring by the Heck reaction. Detosylation followed by
E;:lr;?rst%% gtéhbee Irszcgylal/é\ggla?g)eg L?ecr?r?eol &f‘%r.s;a%lc Chemistry, lslcgga Porto, treatment with B-bromoacryloyl ch!onde in the presence of
58, 7490. (€) Rawal, V. H.; Iwasa, Wmlggzx 59, 2685. (f) K2CO; gave25, which was treated with 10 mol % of Pd(OAc)
Very recently, Bodwell reported the total synthesis ef)<strychnine: and 20 mol % of PPhin the presence dPr,NEt in DMSO at
80 °C for 1.5 h. We were very pleased to find that pentacyclic

Bodwell, G. J.; Li, @002 41, 3261.
compound26 was obtained in 46% yield.

(25) Enantioselective syntheses: (a) Kuehne, M. E.; X%ﬂlgga

(26) (a) Eichberg, M. J.; Dorta, R. L.; Lamottke, K.; Vollhardt, K. P.@g.
Lett. 200Q 2, 2479. (b) Elchberg M. J.; Dorta R. L, Grotjahn D. B,
Camottke, K.; Schmidt, M.; Vollhardt, K. P. (“) 001,
123 9324.

(27) Preliminary report: Nakanishi, M.; Mori, NI 002
41, 1934.

(28) The enantiomeric purty df3was determined by HPLC analysis (DAICEL
CHIRALPAK AD, hexanePrOH 95/5).

9806 J. AM. CHEM. SOC. = VOL. 125, NO. 32, 2003


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja029382u&iName=master.img-015.png&w=230&h=173
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja029382u&iName=master.img-016.png&w=193&h=80
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja029382u&iName=master.img-017.png&w=225&h=132
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja029382u&iName=master.img-018.png&w=176&h=164

Synthetic Pathway to Strychnos Indole Alkaloids
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Scheme 15. Summary of Total Synthesis of (—)-Strychnine
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22 steps (+)-isostrychnine

Isomerization of the double bond @6 by NaOPr iniPrOH
followed by deprotection of the Boc group and then alkylation
with 29 afforded compoun@7, which is an intermediate for
the synthesis off)-strychnine reported by Vollhardt. Although
the spectral data d?4 agreed with those of the intermediate
reported by Vollhardt, thed]p value has not been known

by Woodward?! (+)-Isostrychnine was converted inte-)-
strychnine by treatment with KOH in EtOH by the known
method?®

In our total synthesis of-{)-strychnine, the starting cyclo-
hexenol derivativerb was synthesized fror8i by palladium-
catalyzed allylic substitution, and all cyclizations for synthesis
of (+)-isostrychnine were performed using a palladium catalyst.
Compound7b obtained from cyclohexenol derivativ& was
converted into9, and a palladium-catalyzed Heck reaction
afforded compound.0, which has the AB—C ring system.
The D-ring was constructed from compoutd, which was
obtained from10, using palladium-catalyzed allylic oxidation.
The G-ring was formed by palladium-catalyzed cyclization of
25. The E-ring was constructed by Heck reactior2@f From
28, (+)-isostrychnine was synthesized. The total synthesis of
(—)-strychnine was achieved by 22 steps franfScheme 15).

The fact that all rings of{)-tubifoline and {+)-isostrychnine
were constructed using a palladium catalyst indicates the
importance of a palladium catalyst in modern synthetic organic
chemistry.

Supporting Information Available: Experimental procedure

because it is in a racemic form in this case. Thus, compound and spectral data &h,i, 5a 5d—f, 7a,b, 8a, 9—11, 13, 14, 17,

27 was converted into<{)-strychnine (Scheme 14). Treatment
of 27 with Pd(OAc), BusNClI, and K;CO; in DMF afforded
hexacyclic compound8, which was treated with LiAlk
followed by deprotection of the silyl group to givet)-
isostrychnine, whose spectral data anifp value {-23.7 (c
0.59, EtOH)] agreed with those of-j-isostrychnine reported

19, 20, 2528, (—)-dehydrotubifoline, €)-tubifoline, ()-
isostrychnine, and —)-strychnine (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.

JA029382U

(29) Prelog, V.; Battegay, J.; Taylor, W. jisinniisnian1 948 31, 2244.
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