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Abstract: An efficient divergent synthetic strategy for the synthesis of the opiate and amaryllidaceae alkaloids
emerges by employing a Pd-catalyzed asymmetric allylic alkylation (AAA) to set the stereochemistry. Three
generations of syntheses of galanthamine are discussed in detail with particular focus on the scope of the
palladium-catalyzed AAA reactions and intramolecular Heck reactions. The pivotal tricyclic intermediate is
available in six steps from 2-bromovanillin and the monoester of methyl 6-hydroxycyclohexene-1-carboxylate.
This intermediate requires only two steps to convert to (—)-galanthamine. Using a Heck vinylation, we
found that the fourth ring of codeine/morphine could be formed. The final ring formation involves a novel
visible light-promoted hydroamination. Thus, six steps are required to convert the pivotal tricyclic intermediate
into codeine, which has been demethylated in high yield to morphine.

Introduction

Galanthamine I; Figure 1)12 the parent member of the
galanthamine-typeamaryllidaceaealkaloids (e.g.1—3), is a
centrally acting reversible inhibitor of acetylcholinesterase

reported using biomimetic oxidative phenol couplfig! to
create the critical spiro quaternary carbon of narwed)e (

which is converted intd by diastereoselective reductiéhwe

disclosed the first enantioselective synthesis-ef-1 using a

(Ache), which significantly enhances cognitive functions of sequential palladium-catalyzed asymmetric allylic alkylation

Alzheimer’s patient$:8 It was first approved in Austria and

(AAA) and intramolecular Heck cyclizatiof%:33 At the same

most recently in the rest of Europe and United States for the time, several other groups utilized similar Heck cyclizations to
treatment of Alzheimer's disease. In the endeavor of searching const.ruc:3t5he quaternary carbon csinter #)-8-deoxygalan-
for more potent inhibitors of Ache, there is considerable interest thaminé**>and ¢t)-galanthaminel.®® Up to now, however,

in derivatives which are based or)-galanthamine as a lead
structur&1%since )-galanthamine is less toxic than other Ache
inhibitors, such as physostigmine and tacfid&.’®* Among
them, galanthamine derivatives!?~14 and its iminium salt,
synthesized by selectivé-demethylation followed byN-
alkylation of galanthamin&, were found to be more potent (up
to 70-fold) than galanthamine in inhibiting Ache.

Because of the limited supplies and the high cost of its
isolation from natural sourcé8;l” several syntheses have been
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syntheses employing the oxidative phenol coupling step have
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Figure 1. Naturally occurring galanthamine-ty@enaryllidaceaealkaloids and their derivatives.
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studies suggesting that morphine may play a general role in
O immune, vascular, and nervous systems of mamnia4.
a The structure-activity relationships of morphine analogues

OMe

have been studied extensivéiE559 Minor modification of

morphine can yield opiates with altered receptor affinities and
) i OMe fundamentally different pharmacologies. Oxymorpho8a),(
morphine codeine thebaine X . .

p s 7 etorphine 9), and buprenorphinel Q) are more potent-agonists
than morphiné®61Structurally related morphine antagonists (i.e.
naloxone 8b), naltrexone 8c), and nalmefenel(l)) are used
for the treatment of alcohol abuse and eating disoréfets.
However, very few compounds made to date from modifications
¢ around the phenanthrene structure of morphine have exceeded
the pain control properties of morphine without a concomitant
increase in addiction potentigd Most of these synthetic opiates
s, (Figure 3) are derived from semisyntheses, whereby the natural
opium alkaloids are isolated and modified. Clearly, an efficient
enantioselective synthesis of morphine will open the way to
the preparation of a variety of new morphine analogues.

Figure 2. Naturally occurring opium alkaloids.

not been reported to be able to allow direct access to galan-
thamine derivativet.

(—)-Morphine 6; Figure 2) is one of the first medicines use
by humankind. Since the first documented use of opium in
1500BC, its impact on society has been extremely signifigatit.
This significance rests on the potency of the active principle
notably, the major one, morphine, which gives it its analgesic,
euphoric, and potentially addictive properties. Morphthes
the major component of opium, representing-18% of its
dry weight. Other morphine derivatives, such as codefe (
3—4%) and thebaine7{ 0.1-2%), are also present in opium.
The majority of isolated morphine is used to manufacture
codeine 6 by simple phenolic methylatiofl. To date, no Morphine5 and galanthamin# share the same tricyclic core,
synthetic drugs or naturally occurring compound has been found and biosynthetically both derive from oxidative phenol couplings
which can match the broad spectrum analgesic properties of(Scheme 1 and Scheme 239446365 These processes were
opium alkaloids. {)-Morphine5, (—)-codeineg, (—)-thebaine initially proposed on theoretical grounds by Bar§fi¢ It has
7, and simpler morphinan and benzomorphan structural ana-been shown that the'-®©-methylnorbelladine 12) was the
logueg? have broad spectrum pharmacological properties (an- precursor for the production di-demethylnarwedine16),
titusive, analgesic, and sedative, etc) and are employed in diversepresumably through spontaneous cyclization of a hypothetical
therapies. dienone 14 generated from the oxidative phenol coupling

Recent investigations have shown that morphine and its
cogeners are produced not only in plants but also in mammalian(49) zsélflgklos Chuang, L. F.; Doi, R. H.; Chuang, RE%p. Cell Res2003
organisms along essentially analogous pathv#&y3it has been  (s0) Chiang, L. F.: Killam, K. F.; Chuang, R. Y. Biol. Chem.1997, 272,
demonstrated that human cells can synthesize morphine, and |t(51) %Aﬁ%gl T+ Chuang, L. F.; Doi, R. H.: Carlos, M. P.; Tomes, J. V. Chuang,
is present in human cells at a nanomolar |&§eThe precise . Biol. Chem200Q 275 31305.
role of endogeneous morphine is not clear. However, there are(®? M'yagc'hzaggh”g”%I;;ukggafmgﬂcoﬁ%g%o'a & bang. . M Osburn,
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Divergent Synthetic Plan for Opium Alkaloids and
Galanthamine-Type Amaryllidaceae Alkaloids
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8a) R=Me, oxymorphone .
8b) R=allyl, naloxone etorphine
8c) R=cyclopropylmethyl, naltrexone 9

Figure 3. Semisynthetic opiates.
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Scheme 2. Biosynthesis of Morphine via Oxidative Bisphenol Coupling
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Biosynthesis of Galanthamine via Oxidative Bisphenol Coupling

OH

N-demethylnarwedine galanthamine

15

OMe
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Me—N/: — /— © Me N ‘
O Me-N' ‘ OMe
OMe
OH o OMe salutarldlne thebaine morphine
(R)—rc:téculine 17 18 7 5

(Scheme 1¥2 In plants, the intramolecular orthgara bis-
phenolic coupling of R)-reticuline (@6) is catalyzed by

salutaridine synthase, a microsomal NADPH-dependent cyto-

chrome P-450 enzyme. Cyclization of salutaridiriB)(to
thebaine7 requires two more enzymes (Schemé2j?

desired paraortho coupling is complicated by three other
possible couplings (ortheortho, orthe-para, parapara). How-
ever, some bioanalogous syntheses involving Grewe-type cy-
clization catalyzed by acf@ > or palladiuni®°7 have led to
several successful syntheses.

The biosyntheses of galanthamine and morphine have The distinct difference between the oxidative phenol coupling

inspired  many  biomimetic  syntheses of  both
amaryllidaceak¥—18.20.21,2429,72-76 and opiund’-3%.77-82 glkaloids.
The biomimetic synthesis of galanthamine involving a dynamic
resolution has been performed on a pilot séalEhe biomimetic
synthesis of morphine generally suffered from low yields due
to low selectivity of the bisphenol oxidative coupling. The
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precursors (bisphenold2 and 16) seems to prevent any
possibility of accessing these two families of alkaloids from
the same advanced intermediate through a biomimetic approach.
Indeed, no divergent approach to both families of alkaloids has
been realized despite their biogenetic similarity and significant
biological activities. Furthermore, despite the extensive synthetic
work devoted to these two families of alkaloids and recent
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95, 24.
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Scheme 3. Divergent Synthetic Plan presence of a catalytic amount of iron afforded bromophenol
26.192 Alternatively, reaction of isovanillin with iodine mono-
chloride producea-iodophenol27.102

In accordance with our retrosynthetic analysis, the 2-allyl-
cyclohexenol 80; Scheme 6) was prepared since the allyl group
o could be readily converted to the necessary aldehyde by
morphine oxidative cleavage. Cyclohexen®D prepared by Birch reduc-

5 tiont03 followed by Luche reductiof* was transformed into

the required allyl carbonat@&{ and32) and more reactive allyl
progress in the development of enantioselective reactions, onlychioride33 using standard procedures. Chemoselective osmium
one asymmetric synthesis of galanthamih® and two of  tetroxide catalyzed dihydroxylation of carbona@afforded a
morphine5 %99 without using resolution were reported prior  1:1 mixture of diastereomeric diols, which was readily protected
to our investigatior#**31%The similarity of galanthamind as the acetonid@4 by treatment with dimethoxymethane in the
and morphine5, as highlighted in Scheme 1 and Scheme 2, presence of catalytip-toluenesulfonic acid.
arising from oxidative phenol coupling followed by formation Alternatively, the cyclohexene R-group of intermedi2@
of an ether bridge, prompted us to examine the possibility of could be an e’ster. A practical synthesis of es@8sand 39
accessing these products from a common intermediate througrh,[iIized the HornerWadsworth-Emmons reaction of dialde-
chemical syr)thesis. We envisiongd that bqth alkaloid families hyde321% Reaction of glutaraldehyde5 with trimethyl phos-
coulql be derived from acommon mtermedlaQs(Scheme 3)’. phonoacetate3g) in aqueous potassium carbonate produced
bearing the common trlf_:ychc core of both families of alkaloids alcohol37 in 46% yield (Scheme 6). Conversion of alcoldl
and appropriately functlonal|ze(_j_5|de c_hama @d R) that_ to its methyl esteB8 or trichloroethyl carbonate (Tro89 was
can be transformed o the _addmona_l rings of ga_la_ntharmn_e accomplished by treatment with corresponding chloroformate.
and morphiné. Stereoselective formations of two distinct allylic Direct treatment of crude alcohc87 with trichloroethyl

glcohols in galanthaminband mprphineS from a sim'ple olefin chloroformate provided the desired carborz@evith a slightly
in common intermediat&9 requires careful synthetic planning higher yield (5493

and conformational analysis. . .
_ _ _ Since there are very few examples of palladium-catalyzed
First Generation Synthesis of Galanthamine allylic alkylation utilizing ortho-disubstituted phendi&:197the

The retrosynthetic analysis of galanthamine begins with AAA of iodiophenol27with cyclohexene methyl carbonatéd]
removal of the C3 hydroxyl group of galanthamine furnishing Was investigated as a test system (Table 1). In the presence of
3-deoxygalanthamine2(; Scheme 4), which may be directly the standard chiral ligand?, phenol27 showed good reactivity
converted to the natural product by allylic oxidatitoL producing aryl ethedl in 75% yield, however, with lower
Tertiary amine20 could in turn be prepared from dialdehyde enantioselectivity (66%ee) than that observed in the palladium-
21 by a reductive amination with methylamine. An intramo- Catalyzed AAA of simpler phenols and carbonat@.%1%?
lecular Heck reaction was envisioned to forge the quaternary Confident that pheno27 would participate as a nucleophile,
center in the dialdehyde®l. This strategy has the potential More complicated carbonates were investigated and the enan-
pitfall that palladium-catalyzed ionization of the phenols may tioselectivity of this model reaction was not optimized further.
be competitive with the Heck cyclization. To avoid problems  The 2-allylcyclohexenyl carbonates were the first set of
of isomerization of the olefin into conjugation with the aldehyde, substrates examined in the palladium-catalyzed AAA of iodo-
aryl ether22 would have an R-group which could readily be phenol27 (Table 1). The palladium-catalyzed reaction of phenol
converted into the required aldehyde 21 after the Heck 27 with methyl carbonat81 did not produce any of the desired
reaction. Finally, the enantioselective synthesis of aryl e2Rer aryl ether even when the reaction mixture was heated 4€40
from which the remaining stereocenters of galanthamine would Similarly, the more reactive carbonad did not react with
derive, would be accomplished by a palladium-catalyzed AAA phenol 27 under the typical conditions of the palladium-
of an ortho-substituted halopher with cyclohexenyl carbon-  catalyzed AAA. Finally, switching to allylic chlorid@3 did
ate23. produce some of the desired etd&in poor yield and with no

Theo-iodo and -bromophenols are both readily prepared from enantioselectivity. Carrying out the reaction in the absence of
isovanillin 25; Scheme 5). Bromination of isovanillin in the the palladium catalyst indicated that aryl etd@&was formed

galanthamine
1

Scheme 4. Retrosynthetic Analysis of (—)-Galanthamine

OCHj3 OCHj; OCHj; OHC
_N
H3C \—/ | — X OCH3
— reductive O Heck R &
allylic amination cyclization
oxidation

22

Pd-AAA
OHC R
OCOR'
XI;LOCH3 * ﬁj‘
OH
24 23
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Scheme 5. Preparation of the o-Halophenols? ester38 were examined as substrates (Table 1). Palladium-

CHO CHO CHO catalyzed reaction of iodophen®¥ and carbonat&4 failed to

/©i a) /©/ b /Qi produce any of the desired cyclohexenyl ether with both tri-
MeO OH Br ™ 7594 MeO 81% MeO : (dibenzylidideneacetone)palladium(0) and hisg]lylpalladium-
26 2'; o; (1) chloride] as catalyst precursors. Employing es38ras a

substrate also resulted in unsuccessful reaction with phenol
27.

as a result of a slow uncatalyzed reaction. We postulated The failure of 2-substituted cyclohexenyl carbonates to
that the poor reactivity of 2-allylcyclohexenyl carbonates participate in palladium-catalyzed AAA with iodophen®?
may result from the 1,4-diene acting as a ligand for prompted us to reexamine their reactivity with simple 4-meth-
palladium. To prevent this coordination, acetoni8¢ and oxyphenol 44; Scheme 7). 2-Allyl-substituted carbon&tdid

aConditions: (a) Bs, NaOAc, HOAc, Fe, rt; (b) ICI, pyr.

Scheme 6. Synthesis of 2-Substituted Cyclohexenyl Carbonates?

—~
0CO,CH;
0
/;% X
COH o
O“"e _a OTroc 041% OTroc
Ta2% Caw 89% 9
b 9) 91%
zs
CO,Me
0CO,Me
c), 79%
o CcO,M CO,Me
OHC MeO-P—~=2T OH —
} MeO 36 38
OHC h), 46% M CO,Me
oT
35 37 roc
two steps 54%
using crude 37
39

aConditions: (a) (i) Na, NETHF; (ii) allyl bromide; (iii) H.SOy, H20; (b) NaBH,, CeCk, MeOH/CH.Cl; (c) CH;O,CCl, DMAP Pyr, CHCl; (d)
Troc-Cl, DMAP, Pyr, CHCIy; (e) CHSOCI, Pyr, CHCly; (f) 4mol % OsQ, NMO, CH,Cly, rt, 4 h; (g) (CHO),CH,, TsOH, acetone, rt, 1 h; ()O3,
H,0, 2 days.

Table 1. Palladium-Catalyzed AAA of lodophenol 27 with Cyclohexenyl Carbonate or Chloride?

OHC 0CO,CH;  OHC
| o}
I OCH, _ 40 OCHg NH HN
OH a) rt O
@f PPh, PhyP

75%

66%ee (RR)-42
Allyl | | | 0 CO,CH,
carbonates 0CO,CH; oTroc ><o OCO,CHs
or allyl OTroc
chloride a pes 38
34
Conditions | a), 40 °C a), RT a), 40 °C, a), 40 °C 2), 40 °C
CSZCO3 CSZCO3 Et3N
orb)
Product NR NR ji;\ NR NR
(no _ OCHs
reaction) .
0%ee

aConditions: (a) 1 mol % Rdba, 3 mol % RR)-42, CH,Clz; (b) 1 mol % [¢73-CsHs)PdClL, 3 mol % RR)-42, TEA, CH,Cl, 40 °C.
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Scheme 7. Pd-Catalyzed AAA of 4-Methoxyphenol with 2-Substituted Cyclohexenyl Carbonates?

OCH3; |
© + ococH, _ @ \r
OH OCHs
44 3
CO,CH3
CO,CHs b) 81%, 77%ee
H3CO,C
4 + OCO,CH; orc) 78%, 86%ee Ko) ~OH
or d) 82%, 78%ee e)
(+)-37
38 +)-45
*) [o]p=+46.7 (c=0.8, CHCl5)
OCH3
Literature (02CH2CH;
“ OCOCH; ©A\‘0H
0, 0, o
88%, 97%ee O/ (+)47
40 46

[o]p=+57.6 (c=0.59, CHCl3)

aConditions: (a) 1 mol % Pdba;, 3 mol % R R)-42, CsCO;, CH,Cl,, 40°C; (b) 1 mol % Pddba;, 3 mol % R R)-42, CH,Cly, rt; (c) 1 mol % Pddbas,
3 mol % RR)-42, CH,Cly, 0 °C; (d) 1 mol % [3-CsHs)PdClh, 3 mol % R,R)-42, TEA, CHCl,, 0 °C; (€) (NHy)2Ce(NQs)s, CHCN, HO.

not react with phenod4 under the typical palladium-catalyzed
AAA conditions. Carrying out the reaction in the presence of

in cartoon48). In the case of ester-substituted cyclohexenyl
sr-allyl palladium complex, coordination of the ester to the

base, cesium carbonate, and increasing the temperature to 4@alladium would result in canting of the C2 carbon toward the

°C still failed to produce any of the desired coupling product.
On the other hand, the palladium-catalyzed AAA of phehbl
with ester38 proceeded smoothly under the typical conditions,
affording aryl ethed5in 81% yield and 77% ee. Lowering the
temperature to OC increased the enantiomeric excess to 86%
without affecting the yield. The absolute stereochemistry of aryl
ether45 was tentatively assigned by ceric ammonium nitrate
(CAN) deprotection of the 4-methoxyphenol to produce alcohol
37 (Scheme 7). Comparison of the rotation of methyl e8tér

to the known ethyl ested7, prepared by enzymatic resolu-
tion 108.109syggested that the stereochemistry of ettiss (R).

palladium!12.113|f this is the case, for nucleophilic addition to
remain anti-periplanar to palladium and to occur through an
open region of the chiral ligand requires that the nucleophile
approach from the left rear quadrant4& rather than the front
right quadrant. In other words, for addition to occur from the
front quadrant, a 180rotation with respect to the chiral ligand
of thes-allyl (see49) is required. Nucleophilic addition to ester-
substituted cyclohexenyt-allyl palladium complex, as depicted
in 49, results in the formation of opposite stereochemistry to
what is predicted from mnemonic. Interestingly, this reversal
in stereochemistry was not observed when acyclic 2-ester-

Surprisingly, this stereochemistry is opposite to the absolute substituted allylic carbonate, acyclic 2-cyano-substituted allylic

stereochemistry obtained when unsubstituted cyclic allyl carbon-

carbonate, or cyclic 2-cyano-substituted allylic carbonate was

ates (e.g40) are used as electrophiles in the palladium-catalyzed utilized as substrate for the AAA reaction of phenol with the

AAA of phenols with ligand42 (Scheme 7§96:107

The absolute stereochemistry 46 is also opposite to that
which would be predicted by the mnemonic established for
ligand 42.107.110.111A possible explanation for this unexpected

same ligand!4115 In the case of cyclic 2-cyano-substituted
allylic carbonate, which is electronically similar to the ester,
the nitrile is geometrically constrained from coordinating to the
palladium metal. Similarly, acyclic 2-cyano-substituted allylic

reversal is shown in Scheme 8. In the unsubstituted cyclohexenylcarbonate underwent normal allylic alkylation througlsya

mr-allyl palladium complex, the palladium cants away from the
C2-allyl carbon. Addition of phenol to the-allyl palladium
complex occursanti-periplanar to the palladium through the

sr-allyl complex. Generally, theyn-allyl complex is more
stable than thanti-z-allyl complex due to unfavorable A3
strain in the anti comple¥8-11’"However, Al steric interaction

open region of the chiral space (the right front quadrant depicted destabilizes the 2-substitutsgnzz-allyl complex, and thanti-

(98) Tomioka, K.; Shimizu, K.; Yamada, S.; Koga, Keterocyclesl977, 6,
1752

(99) White, J. D.; Hrnciar, P.; Stappenbeck,JFOrg. Chem1997, 62, 5250.

(100) Trost, B. M.; Tang, WJ. Am. Chem. So@002 124, 14542.

(101) Muxfeldt, H.; Schneider, R. S.; Mooberry, J.BAm. Chem. Sod.966
88, 3670.

(102) Toth, J. E.; Hamann, P. R.; Fuchs, PJLOrg. Chem1988 53, 4694.

(103) Taber, D. F.; Gunn, B. P.; Chiu, I. ©Org. Synth.1983 61, 59.

(104) Amann, A.; Ourisson, G.; Luu, BBynthesisl987, 1002.

(105) Amri, H.; Rambaud, M.; Villieras, Jetrahedron199Q 46, 3535.

(106) Trost, B. M.; Toste, F. DJ. Am. Chem. S0d.998 120, 815.

(107) Trost, B. M.; Toste, F. DJ. Am. Chem. S0d.999 121, 4545.

(108) Yamane, T.; Ogasawara, Bynlett1996 925.

(109) Takano, S.; Yamane, T.; Takahashi, M.; Ogasawaral efrahedron:
Asymmetryl992 3.

(110) Trost, B. M.; Bunt, R. CJ. Am. Chem. S0d.994 116, 4089.

(111) Trost, B. M.; Van Vranken, D. L.; Bingel, Q. Am. Chem. S0d.992
114, 9327.
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sr-allyl become favored as the size of the 2-substituents increases
(Scheme 8). The absolute stereochemistry of the products from
the anti-z-allyl complex is opposite to that from theyns-

allyl complex. In the case of acyclic 2-ester-substituted allylic
carbonate, the combination effect of ester coordination to

(112) Brock, C. P.; Attig, T. GJ. Am. Chem. S0d.98Q 102, 1319.
(113) Rulke, R. E.; Kliphuis, D.; Elsevier: C. J.; Fraanje, J.; Goubitz, K.;

Vanleeuwen, P. W. N. M.; Vrieze, KI. Chem. Soc., Chem. Commun.
1994 1817.

(114) Trost, B. M.; Tsui, H.-C.; Toste, F. D. Am. Chem. So200Q 122
3534,

(115) Trost, B. M.; Machacek, M. R.; Tsui, H. @. Am. Chem. SoQ005
127, 7014.

(116) Faller, J. W.;
(117) Faller, J. W.;
93, 2642.

Tully, M. TJ. Am. Chem. Sod.972 94, 2676.
Thomsen, M. E.; Mattina, M.Jl. Am. Chem. Sod.97],
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Scheme 8. Rationalization of Reversal in Enantioselectivity

OCH3
OCH, :
Pd (0)
@ ' Meozoo\@ (RR)-42 g
5 9f
44 40 46
OCH;
COOMe
Me0O,CO PdO)  meooc
44 + \I:ij Bl e ? e
38 45
Al2 EWG
syn-m-allyl EWG \-@\ anti-n-allyl i |‘ 1
An_R Pd
|
Pd Al2

Scheme 9. Pd-Catalyzed Allylic Alkylation of Phenol 25 and
Bromophenol 262

OHC

OHC COCH3 OCHs
+ OCO,CH HCO,C
\©\OCH3 _a) o

OH 82%
25 38 50
OHC OHC
. OCO,CHj
Br ©/ Br
OCHj —
OH 52%, 97%ee
2 2 o OCH,
| ><0 51
o
OTroc g oTroc 28 | \r
c)
32
34

aConditions: (a) 1 mol % Pdba, 3 mol %rac-42, CHxCly, rt; (b) 1
mol % [(53-C3Hs)PdCIL, 3 mol % RR)-42, TEA, CHCIy, 1t; (c) 2.5 mol
% Pddba, 7.5 mol % RR)-42, TEA, CHCl,, 40 °C.

palladium metal and formation of unusuahti-zz-allyl was

proposed to explain its difference from cyclic 2-ester-substituted

allylic carbonaté!®

The successful reactions of 4-methoxyphefdlvith ester-
substituted carbona@8 (Scheme 7) and of iodophen®r with
unsubstituted carbonat® (Table 1) led us to conjecture that
the failure of iodophend7 to react with38 (Table 1) is due to
steric interaction between tleeiodo substituent and the center
carbon of ther-allyl. Indeed, palladium-catalyzed reaction of
uniodinated vanillin25 with carbonate38 produced aryl ether
50 in 82% yield (Scheme 9). The successful reaction of
isovanillin 25 with carbonate8is consistent with the hypothesis
that the failure of iodophen@7 to react with 2-ester-substituted
carbonate38is due to the presence of the sterically demanding
o-iodo group. Since bromide is significantly smaller than iodine,

o-brominated phend6 was examined as a nucleophile (Scheme
9). Palladium-catalyzed AAA reaction of bromophe@6Ilwith
unsubstituted cyclohexenyl carbona®@ proceeded smoothly
to afford aryl ether51 with excellent enantioselectivity.
Unfortunately, as was the case with iodopheRdl(Table 1)
and 4-methoxyphendal4 (Scheme 7), the palladium- catalyzed
reaction of bromophend@6 with allyl-substituted carbona&2
failed to produce any aryl ether. Similarly, bromophe2étid

not react with cyclohexenyl carbonadd even at 40°C.

Unlike the reaction of iodophend@?7 (Table 1), palladium-
catalyzed AAA reaction of bromophend6 and 2-ester-
substituted carbonaf®9 in the presence of the standard ligand
(RR)-42 proceeded smoothly, affording aryl eth&2 in 60%
yield and 71% ee (entry 1, Table 2). The absolute stereochem-
istry of aryl ether52 is assumed as shown on the basis of an
analogy to aryl ethe45, and this was confirmed by the optical
rotation of the synthetic naturat{-galanthamine. Variation of
the ligand showed that the stilbene diamine ligébgrovided
slightly higher enantioselectivity (entry 4). Switching the
palladium source to bisfallylpalladium(ll) chloride] increased
the enantioselectivity to 85% (entry 5). Lowering the catalyst
loading to 1% of bisg-allylpalladium(ll) chloride] further
increased the enantiomeric excess of aryl ebi2¢o 88% (entry
6).

Having prepared the required chiahaloaryl ethers, we next
examined the intramolecular Heck reaction. Larock reported that
the Heck reaction of aryl allyl ethers often suffers from
competing palladium-catalyzed ionization of the aryloxy gr&@p.
However, the Heck reaction af-iodoaldehyde4l (Table 1)
proceeded smoothly to afford an inseparable 3:1:1 mixture
benzofuranb6a56hb:56¢ products in 82% yield (Scheme 10).
The relative stereochemistry of the major prodséa was
assigned by NOE experiments. Since benzoflm@awas not
useful for the galanthamine synthesis, this Heck reaction was
not optimized. Since we can prepare aryl etB2rwith good
enantioselectivity in good yield, we thus turned our attention

(118) Larock, R. C.; Stinn, D. ETetrahedron Lett1988 29, 4687.
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Table 2. Palladium-Catalyzed AAA Reaction of Bromophenol 26 and Carbonate 39
OHC

OHC
(OOMe cat. PdL* Br
+ OTroc  Ef;N, CH,Cly, t. HaCO,C
Br OCH; d  OCH,
OH
26 39 (-)-52

entry Pd source ligand? yield (%) ee (%)
1 2.5 mol % Pddba 7.5 mol % RR)-42 60 +)-71
2 2.5 mol % Pgdba 7.5 mol % RR)-53 61 +)-47
3 2.5 mol % Pgdba 7.5 mol % §9-54 27 0
4 2.5 mol % Pedba 7.5 mol % §9-55 64 )-77
5 2.5 mol % [¢73-CsHs)PdClL 7.5 mol % §9-55 73 (—)-85
6 1 mol % [@3-CsHs)PdClp 3 mol % §9-55 72 (—)-88
Ph,P
PPh,
o Ph  Ph
@ifo Y : o - o0
NH NH HN
C NH HN HN ‘
Q PPh, PhyP [ 7 O PPh, Ph,P
54 55

Scheme 10. Intramolecular Heck Reaction of Cyclohexyl Aryl Ether 41 and 52

OHC
':Q\OCHg 1mol % Pd(OAc),
4mol % PPhs, TEA
] CH3CN, 100 °C
©/ 82%
ab:c=3:1:1

41
2mol % Pd(OAc),

I;\OCH 8mol % PPh,, (iPr),NEt OHC

HoCOLC 3 CH3CN 100 °C
o Br OCHg

10mo| % Pd(OAc), OH
KOAc, (Bu),NCI, 26

52 DMF, 50 °C

to the Heck reaction of chiral aryl ethé2 (Scheme 10). The  leaving group. We therefore wanted to examine substrates with
reaction conditions utilized for the Heck reaction of unsubsti- the aldehyde present and the aldehyde reduced to the benzyl
tuted cyclohexenyl ethetl resulted exclusively in ionization  alcohol.

of the phenoxy moiety to produce phené. Larock had To this end, aldehyds2 was protected as its dimethylacetal
reported that the use of Jeffery-type conditions favored the Heck 57 by treatment with trimethyl orthoformate and catalytic
cyclization over ionizatiot!® However, even under Jeffrey  p-toluenesulfonic acid (Scheme 11). Reduction of estawith
conditions (10% Pd(OAg) KOAc, (BukNCI, dimethylforma- di-isobutylaluminum hydride (DIBAL-H) at-78 °C, followed
mide (DMF)) no Heck product was observed. Clearly, the by treatment of the crude alcohol with a catalytic amount of
presence of the ester on the olefin is detrimental to the Heck p-toluenesulfonic acid in aqueous methanol afforded hydroxyl
reaction. It should retard the rate of the reaction for both steric aldehydes8. Alternatively, both the ester and the aldehyde were
(formation of a quaternary versus a tertiary center) and electronicreduced simultaneously with DIBAIH to furnish diol 59.

(a contraelectronic carbopalladation is required) reasons. Since  Having reduced the ester, we examined the Heck reaction of
the synthesis of galanthamine requires the formation of a the hydroxymethyl-substituted cyclohexes8and59. Reaction
quaternary center, the former cannot be avoided. However, theof aldehyde58 under standard Jeffrey conditions resulted in
electronic nature of the olefin can be readily changed by exclusive ionization to produce phendb. Attempted in situ
reduction of the ester to the corresponding alcohol. The aromaticprotection of the hydroxyl group, withN,O-bis(trimethyl-
aldehyde can impose competing effects on the course of thesilylacetamide) (BSA), also resulted in rapid conversiob®f
Heck reaction. The presence of the electron-withdrawing to phenol26. At this point, it appeared that the presence of the
aldehyde should increase the rate of oxidative addition of electron-withdrawing aldehyde on the phenol resulted in greater
palladium(0) into the aryl halide bond. However, the presence acceleration of the ionization than the Heck reaction under the
of an electron-withdrawing group should also aid in the Jeffrey condition. Therefore, our attention turned to the Heck
competing ionization reaction by stabilization of the phenoxide reaction of benzyl alcohdb9. Unfortunately, reaction 069
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Scheme 11. Preparation of Cyclohexenyl Alcohols for the Heck Reaction?

OH OHC (HsCO)HC OHC
Br Br
b) Br OCH a OCHj OCHj
ho o OCH; ~——— HCO,C s _)o, HcoC | HO !
o 92% O 83% b), ¢)
61%
59 52 57 58

aConditions: (a) HC(OCH)s, TsOH, MeOH, 50°C, 4 h; (b) DIBAL-H, PhCH, —78 °C, 1 h; (c) TsOH, MeOH, KD.

Scheme 12. Attempted Intramolecular Heck Reaction of 60

OH
OTBDMS OCH,
TBDMSOTf TBDMSO
Br ocH 2,6-lutidine Br 20mol % Pd(OAc),
HO 3 CHLCh it 2h | o OCHs DMA, 80 °C TBDMSO— |
(o) 97% (o}
Conditions Yield of 61
KOAc, trace 61
59 60 Ag,CO3, no reaction
PMP, 10%
OCH 40mol% PPhs,  12%
3 40mol% AsPPh;, 9%
20mol % Pd(OAc), TBDMSO 40mol% P(oTol);, 21%
goomol ‘I’f'\(/(I)F;ToI)g,P o 20mol% dppb, 19%
.0eq. ., 9
60 —————— 61 + TBDMSO 40m0|$ no reaction
\—/
62
conditions Total yield 61:62
0.1M DMA, 80°C, 1h 21% nd
0.1M PhCHjs, 90 °C, 1h 42% 4:1
0.1M PhCHj, 110 °C, 2h 51% 3.6:1
9% >95:5

0.1M PhCH3, 110 °C, 8h, 5eq. AGNO3

either with use of a phosphine ligand or under Jeffrey conditions (22%); however, some ionization of the phenol was still
produced a complex mixture. The cru¢ NMR of the reaction observed.

mixture contained aldehyde proton signals. Palladium(ll) has  The chemoselectivity observed for the Heck reaction, over
been shown to oxidize primary alcohol producing hydrido- the jonization reaction, using td-tolylphosphine as ligand
palladium species, which in some cases have been utilized toprompted us to further investigate this reaction. It is presumably
reduce aryl halide¥t® 12! The p-methoxy-substituted benzylic  the steric hindrance imposed by tileemethyl group which
alcohol of 59 would be especially prone to oxidation by innibits coordination of the palladium(0) complex to the
palladium. trisubstituted olefin of60, thereby preventing ionization. On
To avoid the complications caused by free alcohols, 8®!  the other hand, the steric requirements for the oxidative additions
was converted into the corresponding tes¢butyldimethyl- of the same complex to the arylbormide appear to be less
silyl)ether60 (Scheme 12). Reaction of aryloromi@@ under  stringent. Changing the solvent from dimethylacetamide (DMA)
Jeffrey conditions, employing potassium acetate as base,to toluene increases the yield of the benzofuran to 42% at 90
produced only a trace of benzofurél returning mainly starting  °C and 51% at 116C without a detectable amount of ionization.
material. Changing the base to silver carbonate resulted in noynfortunately, significant amounts of olefin isomerization
reaction. Utilizing the sterically hindered amine base, penta- gccurred and the benzofuran was isolated as a8.60 1
methylpiperidine (PMP), afforde@1 in approximately 10%  mixture of the desired produétl to the isomerization product
yield. Under these conditions, the major problem was catalyst 2 Carrying out the Heck reaction in the presence of 5 equiv
lifetime (conversion) rather than the competing ionization of sjlver nitrate suppressed the olefin isomerization; however,
reaction. Encouraged by these results, several ligands werey §rastic drop in yield was also observed. Although employing
investigated in order to increase turnover. Addition of triphen- tri-o-tolylphosphine in the Heck reaction &0 completely
ylphosphine or triphenylarsine to the reaction did not result in prevented ionization of the phenoal, its failure to suppress both

a substantial increase in the yield of benzofusanOn the other the olefin isomerization and obtain good yields&dfled us to
hand, using trie-tolylphosphine as the ligand resulted in an  5p534don its use.

increase in the yield 081 to 21% and only a trace amount of The failure of trio-tolylphosphine as a ligand led us to more

ionization of the phenol. The bidentate ligand bis(1,4-diphen- closelv examine em )I/opin pbidentate I? ands in the Heck

ylphosphino)butane (dppb) produced a similar increase in yield 5 ploying bia 9a )
reaction (Table 3). Use of dppb in acetonitrile resulted mainly

(119) Zask, A.: Helquist, FJ. Org. Chem1978 43, 1619. in phenol |pn|zat|on, producing mainly f:h_eﬁé(entry 1_, Table

(120) Tamaru, Y.; Yamamoto, Y.; Yamada, Y.; Yoshida T2trahedron Lett. 3). Changing the solvent from acetonitrile to DMA improved
1979 1401. ; 0 Ha i :

(121) Ben-David, Y.; Gozin, M.; Portnoy, M.; Milstein, [J. Mol. Catal.1992 the_yle_ld 0_f61t0 19%, while Slgmf_lcamly decre_asmg the amount
73, 173. of ionization (entry 2). Increasing the equivalents of penta-
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Table 3. Intramolecular Heck Reactions with Bidentate Phosphine Ligands

OCH,4
OTBDMS RO OTBDMS
20mol% Pd(OAc), TBDMSO7/,,' 0
Br OCH 18mol% ligand Hy v,,H +
TBDMSO 3 80°C a
. >
2.7% NOE 64
61 R=TBDMS
60 63 R=H
yield (%)
entry ligand conditions 60 61 63 64
1 dppb 0.1 M CHCN, 1.2 equiv of PMP, 2 h 0 8 70
2 dppb 0.1 M DMA, 1.2 equiv of PMP, 3 h 16 19 44
3 dppb 0.1 M DMA, 2.0 equiv of PMP, 2 h 32 22 33
4 dppb 0.1 M PhCHl 2.0 equiv of PMP, 2 h 32 7 51
5 dppb 0.1 M dioxane, 2.0 equiv of PMP, 10 h 32 14 33
6 dppe 0.1 M DMA, 2.0 equiv of PMP, 8 h 38 20 29
7 dppf 0.1 M DMA, 2.0 equiv of PMP, 2 h 27 7 27
8 BINAP 0.1 M DMA, 2.0 equiv of PMP, 2 h 27 17 35
9 DIP-dppp 0.1 M DMA, 2.0 equiv of PMP, 2 h 24 17 58
10 dcpe 0.1 M DMA, 2.0 equiv of PMP, 12 h 5 42 25
11 dcpe 0.1 M DMA, 3.0 equiv of proton sponge, 12 h 7 50 19 0
12 dcpp 0.2 M DMA, 3.0 equiv of proton sponge, 12 h 23 33 23 0

o{ o

DIP-dppp= (Q‘)TP\/\/P@)z
04< >.o

methylpiperidine (PMP) from 1.2 to 2.0 further improved the on the reaction (entry 9). We thus turned our attention to
ratio of benzofurar®1 to ionization (entry 3). Employing toluene  bidentate alkylphosphine ligands. 1,2-(Dicyclohexylphosphino)-
(entry 4) or dioxane (entry 5) as solvent had a dentrimetnal effect ethane (dcpe) proved to be an excellent ligand for the intra-
on the course of the Heck reaction. Milstein has observed that molecular Heck reaction, affording benzofuiGthin 42% yield

the rate of oxidative addition of palladium(0) to aryl chlorides accompanied by 25% of the ionization prodédt(entry 10).

is increased with decreasing ligand bite angfé323Changing  Changing the base from PMP to proton sponge further improved
the ligand from dppb (bite angle 97°) to bidentate ligands  the reaction, furnishing1in 50% yield along with 19% of the
with smaller bite angles, such as 1,2-bis(dipehnylphosphino)- monodeprotected produé8 (entry 11). More importantly, none
ethane (dppe, 8% or 2,2-bis(diphenylphosphino)-1binaph- of diene 64 derived from ionization was observed. Using a
thyl (BINAP, 92) did not significantly alter the ratio of |igand with a slightly increased bite angle relative to dcpe, 1,3-
ionization to Heck reaction (entries 6 and 8). Furthermoré; 1,1 (dicyclohexylphosphino)propane (dcpp), slightly decreased the
bis(diphenylphosphino)ferrocene (dppf,"p@as less effective  catalyst turnover, but the reaction remained chemoselective for
as aligand (entry 7). Although decreasing the bite angle of the {ne Heck reaction over ionization (entry 12). The relative

ligand may increase the rate of oxidative addition, this change stereochemistry of benzofur&l was assigned on the basis of
appears not to have much effect of the relative rates of oxidative 5, NOE experiment.

addition and the competing ionization. . . S
peting The selectivity observed for the Heck reaction over ionization

It is important to note that, in all cases in which bidentate in the presence of cvclohexviohosphine ligands mav derive from
ligands were employed, less than 5% of the isomerized olefin € presence of cyclohexylphosphine figands may derive Iro
a combination of factors. First, alkylphosphines are more

62 was observed. The bidentate ligands did not suppress the . ) !
d bp electron-rich than their aryl counterparts. This has been shown

ionization reaction, but the sterically demandiogolylphos- i A » )
y goly’p t toincrease the rate of oxidative addition of palladium(0) to aryl

phine ligand did. These results led us to hypothesize tha . R
sterically demanding bidentate phosphine ligands would sup- halides. Conversely, electron-rich ligands should decrease the

press both the olefin isomerization reaction and the phenol rate of the first step in the catalytic cycle of the ionization
ionization reaction. Furthermore, sterically hindered phosphine "€ction, the coordination of palladium(0) to the trisubstituted
ligands also appear to accelerate the rate of oxidative additionsC!€fin of 61. Second, the steric hindrance of the dicyclohexyl-
into aryl halidesi24-126 The di-ortho-substituted phosphine Phosphine ligands is significantly greater than the corresponding
ligand, 1,3-bis[di(2,6-diisopropoxyphenyl)phosphine]propane diaryl phosphine ligands. This factor should also decrease the

(DIP-dppp), however, did not have the expected beneficial effect rate of coordination of a trisubstituted olefin. This is consistent
with the selectivity observed when wiolylphosphine was used

(122) Portnoy, M.; Milstein, DOrganometallics1993 12, 1665. as ligand. This combination of electronic and steric factors
(123) Portnoy, M.; Milstein, DOrganometallics1993 12, 1655. 9

(124) Wolfe, J. P.: Singer, R. A.; Yang, B. H.; Buchwald, SJLAmM. Chem. present in the dicyclohexylphosphine ligand is presumably

(125) $oc-1999 éz%:“??fg-twig 3. B. Am. Chem. S04.998 120 7369 responsible for the sharp increase in relative rate of the Heck
(126) Littke, A. F.; Fu, G. CJ. Org. Chem1999 64, 10. reaction to the ionization reaction.
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Scheme 13. Construction of the Galanthamine’s Benzoazepine Ring

OCHj3
TBDMSO O RoR4N

TBDMSO— | P

-

61

Scheme 14. Preparation of Amino-Aldehyde 69 by Reductive Amination?

OCH;
o)
a) 99%

OHC
TBDMSO— | O _b)97%
NLLILR—
61 R=TBDMS
63 R=H

aConditions: (a) TBAF; (b) Mn@; (c) (i) MeNH; HCI, MeOH; (i) NaCNBH;, (iii) Boc,O, EtN; (d) Dess-Martin periodane, CbCl,.

Scheme 15. Formation of the Hydrobenzoazepine Ring?

71 [a]p=-105.6 (c=1.4, CH,Cl,)
aConditions: (a) MeOCEPPh Br, NaHMDS, THF, 0°C, Z:E = 10:1; (b) TFA, CHCly, 1t, (c) (i) 4 A MS, MeOH, 60°C; (ii) NaCNBHs, MeOH, 0
°C.
Scheme 16. Synthesis of (—)-Deoxygalanthamine from (—)-Galanthamine Hydrobromide?@
OCHj3

&l
73

(-)-20  37%
[a]p=-118.1 (c=1.0, CH,Cl,)
aConditions: (a) MsClI, pyr, CbkCly; (b) LiEts:BH, THF, 40°C, 20:74 = 3:1.

Having constructed galanthamine’s benzofuran ring, we 68underwent smooth oxidation, with DesMlartin periodiane,
turned our attention to the preparation of the hydrobenzoazepine.providing aldehydes9 in 93% yield.

We envisioned that the benzylic alcohol could be selectively  The necessary one-carbon homologation of aldelbgdeas
oxidized and converted into amino alcot&8 by a reductive  achieved by a Wittig olefination of the aldehyde with the ylide
amination (Scheme 13). We anticipated that the required one-derived from methoxymethyltriphenylphosphonium bromide and
carbon homologation could be achieved by oxidation of the NaHMDS, producing’0in 64% yield as a 10:1 mixture of olefin
alcohol to the aldehyde followed by Wittig reaction. The isomers (Scheme 15). Concomitant deblocking of the secondary
hydrobenzoazeping would then be prepared by hydrolysis of amine and hydrolysis of the methoxyvinyl group gave a seven-
enol ether66 by reductive amination. membered ring hemiaminall which was not isolated but
To prepare the required alcoh6b, the mixture of biss1 immediately treated with sodium cyanoborohydride to afford
and monosilyl ethe63 obtained from the Heck reaction was (—)-3-deoxygalanthamin20 in 53% overall yield.
deprotected with tetrabutylammonium fluoride (TBAF) (Scheme  The absolute stereochemistry of our synthetic 3-deoxy-
14). Chemoselective manganese dioxide oxidation of the result-galanthamin@0was confirmed by the deoxygenation of natural
ing benzyl alcohol afforded aldehyd@. Reductive amination  galanthamine hydrobromide—§-72 (Scheme 16). This was
of aldehyde67 was accomplished by formation of the imine accomplished by first converting galanthamine hydrobromide
with methylamine followed by reduction with sodium cy- 72 into the known chloride73 by treatment with methane-
anoborohydride. The resulting secondary amine was protectedsulfonyl chloride. Dehalogenation @B was effected by reaction
without isolation to supplytert-butyl carbamate68. It was with lithium triethylborohydride (Super-Hydride), which af-
necessary to protect the secondary amine because all attemptforded a 3:1 mixture of regioisomeric olefir-§-20 and )-
to chemoselectively oxidize the alcohol in the presence of 74. Comparison of the rotation of our syntheti€)¢20 (Scheme
unprotected amine resulted mainly in oxidation of the amine 15) with that of (-)-20 prepared from galanthamine (Scheme
and recovery of aldehyd&/. On the other hand, protected amine 16) confirms the absolute stereochemistry. Furthermore the
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Scheme 17. Epoxidation of (—)-Deoxygalanthamine with Dimethyldioxirane
OCHjg

5.4% NOE
between H, and Hy,

T
=)
(@]
(
(]

DBU,CH,Cl,
P S M

. . h 18. nversion of Epoxide 76 into (—)-I lanthamin
enantiomeric excess of our-J-20 can be calculated to be ?g eme 18. - Conversion of Epoxide 76 into (=)-Isogalanthamine

approximately 89%, indicating no deterioration of the enantio-
meric excess (88%) initially achieved in the palladium-catalyzed N
AAA. | | . | | HsC Hx_ ) PhSeSePh, NaBH,; H,C \_
At this point, all that remained was the installation of the C3 ‘ EtOH, 80 °C HO~,~
hydroxyl group. The most direct way to accomplish this is using 98%
an allylic oxidation. We were confident this oxidation could be
achieved by a method similar to that reported by Muxfeldt and NalO,, THF/H,0
co-workers in their synthesis of relatatharylidaceaelkaloid, )‘( benzene, CNU
crinine101 Unfortunately, direct oxidation of 3-deoxygalan- 80°C
thamine20 (SeQ or tert-butylperbenzoate, CuBr, etc.; Scheme och
3
CHCl3, 80 °C, 2h

17) gave a complex mixture. Similar difficulties with direct
allylic oxidations of alkaloids have been previously reported. H,c”
Torssell and co-workers reported that all attempts to effect the
allylic oxidation of deoxylycorine, using reagents such as
N-bromosuccinimde, lead(IV) acetate, chromium(VI) oxide, and
selenium dioxide, failed?” Instead a three-step protocol,
epoxidation, phenylselenide openingelenoxide elimination,  Scheme 19. Rhenium-Mediated Allylic Rearrangement To
and allylic rearrangement, was used to install the desired allylic P"0duce (-)-Galanthamine

oxygen®?’” Treatment of the ammonium salt derived fr@@
and 5 equiv ofp-toluenesulfonic aicd with dimethyldioxirane
afforded a 1:1 mixture of tosylaf& and epoxid&’6. Formation

of the tosylate could be avoided by lowering the amount of
p-toluenesulfonic acid used; however, this resulted in lower
yields of 76 presumably as a result of competing formation of
the N-oxide. Furthermore, treatment of the crude mixture of
tosylate75 and 76 with DBU cleanly converted the hydroxyl
tosylate into the desired epoxi@é. The relative stereochemistry ~ the mixture of selenoxide to 80C rapidly effected the
of 76 was assigned by an NOE experiment. Irradiation of the €limination of one diastereomer (as observed'ByNMR),
epoxide proton (i 3.20 ppm) showed a 5.4% enhancement of while the other diastereomer requdr2 h for complete elimina-
one of the benzylic protons (4.10 ppm). Based on the minimized tion. Under these conditions;-§-isogalanthamin&9 could be
structure, the epoxidation was assigned as having occurred orPrepared in 64% yield.

the olefin face anti to the hydrobenzazepine ring. It would appear We investigated the use of Osborne’s trioxorhenium(lV)
that steric factors, rather than a hydrogen bond to the am- catalyst® for the isomerization of isogalanthamir9 to

monium, are responsible for the facial selectivity of the 9alanthamine<)-1 (Scheme 19). Under catalytic conditions
epoxidationt28.129 only trace of amounts of galanthamine were observed in both

All attempts to utilize the lithium pyrolidide to convert ~efluxing chloroform and benzene. However, treatment®f
epoxide76into allylic alcohol79failed, returning epoxide even ~ first with p-toluenesulfonic acid followed by stoichiometric
in refluxing benzene (Scheme 18). On the other hand, the amounts of the rhenium(VII) complex_afforded a3l mlx_ture
phenylselenide opening of epoxidé proceeded smoothly, of1and79..AIcc.)hoI579ar.1dlWere readily separated, affording
furnishing hydroxyselenide’7 in 98% yield. As expected, 9dalanthaminel in 50% yield from79. The *H NMR and **C
selenide attack occurred with complete selectivity for attack at NMR of synthetic1 are identical to those obtained from a
the stereoelectonic favored carbon rather thannibepentyl ~ Sample of natural galanthamine. The optical rotatiarid[=
carbon. The regioselectivity of attack was established byan ~~ ~112.8 €= 0.5, EOH); lit? [o]o = —131.4€=0.6, EOH) is
COSY experiment. Sodium periodate oxidation of selerigie N accordance with those reported in the literature. _
produced a 1:1 mixture of diastereomeric selenoxigsvhich This is the first synthesis of any member of the galanthamine

surprisingly did not eliminate at room temperature. Heating of &lkaloids in which the enantioselectivity is generated by a
catalytic asymmetric reaction. All the rest of the stereochemistry

(127) Moller, O.; Steinberg, E.-M.; Torssell, Kcta Chem. Scand., Ser1B76 was derived from the stereogenic center of chiral ef2eil his
8 synthesis also constitutes a formal enantioselective synthesis

64%

79

Ph3;SiOReO3, TsOH
benzene, 60 °C

50%

70% based on recovered
starting material

(-)-1

(128) Asensio, G.; Mello, R.; Boix-Bernardini, C.; Gonzalez-Nunez, M. E.;
Castellano, GJ. Org. Chem1995 60, 3692.

(129) Asensio, G. B.-B., C.; Andreu, C.; Gonzalez-Nunez, M. E.; Mello, R.; (130) Bellemin-Laponnaz, S.; Le Ny, J. P.; Osborn, JTétrahedron Lett200Q
Edwards, J. O.; Carpenter, G. B. Org. Chem1999 64, 4705. 41, 1549.
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Scheme 20. Parsons’ Attempts for the Synthesis of Scheme 22. Preparation of Carbonate 892
(£)-Galanthamine3®

CO,Et  EtOC EtO,C
d) 73%
o OTroc
©a)63% £J¢0 92% %/Vr e) 95% %)/
b) 66%
89

a Conditions: (a) CHOCQEt, Dabcol/toluene; (b) MsCI/g¥/DMAP;
(c) DBU/cyclohexane, reflux; (d) NaB# CeCh; (€) CkCCH,OC(O)CI,
Scheme 21. Synthesis of Galanthamine via lodolactonization pyr.

Strategy Scheme 23. Palladium-Catalyzed AAA of 26 and 89

1mol%
(Pdydbaz)CHCI3

EtO,C 3mol%

OHC BINAPO
+ OTroc DME, -20°C
Br OCHs 75%-80%

OH 57%ee
26 89

BINAPO ligand

OHC
o, [C0)
EtO,C OPPh,
(0]
OO OPPh,

20 91

of relatedamaryllidaceaelkaloids, narweding and lycoramine

3. via oxidation or reductiof®® ring of 83. CompoundB5, which is readily available from Pd-
, Via oxidati uctiof

catalyzed AAA followed by Heck cyclization, can be converted
to lactone84 by iodolactonization promoted by either iodine
or NIS followed by base-mediated elimination.

We can access the core structure of galanthamine, compounds The synthesis begins with the preparation of carbogate
61land63(Table 3), very efficiently via a sequential palladium-  (Scheme 22). Compour&B had been prepared from a tandem
catalyzed AAA reaction and intramolecular Heck reaction. Bijrch reduction of methyl 2-methoxybenzoate followed by
However, rather lengthy manipulations are required for the alkylation with ethyl 2-bromoacetate and hydroly¥is.We
synthesis of the azepine ring from compouréidsand 63 to found that a three-step protocol in Scheme 22 is more suitable
3-deoxygalanthamin@0. Multiple steps are involved for the  for large-scale preparation of known eno8813 Luche
introduction of the 3-hydroxyl grou2Q to 1). We decided to  reduction followed by acylation provided carbon&®
pursue a second-generation synthesis, which had three goals: various conditions failed to catalyze the allylic alkylation of
(1) realization of an effective general strategy for this family phenol26 with carbonat@9 using ligandst2 and53—55 (Table
of alkaloids by total synthesis of galanthamine; (2) development 2) and other ligands in our hands. BINAPO ligadd the first
of a flexible strategy to provide ready access to galanthamine chiral ligand developed for the palladium-catalyzed AAA
analogues (i.e. compound) by simple modification of the  reaction in this group3®is the only ligand that worked for the
synthetic scheme; and (3) development of a divergent strategyreaction among all ligands we examined (Scheme!¥3jryl

Second Generation Synthesis of (  —)-Galanthamine

to access botamaryllidaceaeand opium alkaloids. ether 90 can be obtained in high yield (780%) but only
During the course our investigation, two gro&b¥ inde- moderate enantioselectivity (57%ee) in the presence of BINAPO
pendently reported the synthesis €f){3-deoxygalanthamine.  ligand under various conditions. The absolute stereochemistry

Both groups used the same allylic alkylation (involving of compound0is not determined due to the low enantiomeric
Mitsunobu reaction) followed by Heck cyclization strategy as excess.
our previous galanthamine synthesis. They all failed to complete  To test the validity of the proposed synthetic plan (Scheme
the synthesis because of the difficulty of introducing the allylic 21), aryl ether90 was cyclized to give85 in the presence of
hydroxyl group. Parson and co-workers tried various conditions Pd(OAc)/dppp and excess silver carbonate (Scheme’2®).
for the allylic oxidation of lactanB0. They did not observe  Significant amounts of olefin isomers were found when potas-
any corresponding allylic oxidation product. Instead, a mixture sium carbonate was used as base or less silver carbonate was
of recovered starting material, ring cleaved prod8tf and employed. Early result$® and results from our previous
imide 82 were obtained (Scheme 28)It clearly showed that  synthesis of galanthamine suggested that the presence of
the benzylic hydrogens are much more labile toward oxidation electron-withdrawing substituents on the phenol ring favored
than the allylic hydrogens. the palladium-catalyzed ionization over the intramolecular Heck
Due to the difficulty of the direct allylic oxidation, we reaction. The success of current reaction suggests that the
envisioned an iodolactonization strategy to introduce the allylic electron-withdrawing group on the olefin favored the ionization,
OH (Scheme 21). An &'-type inversion was proposed to while the electron-withdrawing group on the phenol ring
convert 1-OH¢) to 3-OH().132-134 Reductive amination 4 facilitated oxidative addition of the palladium to both the O
followed by cyclization was proposed to synthesize the lactam and C-Br bonds. The relative stereochemistry of benzofuran
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Scheme 24. Intramolecular Heck Reaction and Cyclization of the Scheme 27. Alternative lodolactonization Strategy
Benzoazepine Ring?

OHC
E0,c2" ot )
%(o 82%

90

a Conditions: (a) 15 mol % Pd(OAc), 15 mol % dppp, Ph{Bl equiv
of Ag2CG;; (b) MeNH,/MeOH, NaBH, 0 °C.

Scheme 25. lodolactonization and Cyclization of the
Hydrobenzoazazepine Ring?

48%) was identified as natural galanthamiheand the minor
isomer (isolated in 35%) was assigned aspBgalanthamine
95.

Third Generation Synthesis of ( —)-Galanthamine and
Its Analogue

The low overall efficiency and selectivity of the above
strategy prompted us to pursue a new strategy to introduce the
allylic hydroxyl group. We decided to take the advantage of

aConditions: (a) (1 N NaOH, MeOH then 3 N HCI; (ii) NIS, DMAP,  the known 1,3-rearrangement of penultimate precursbto
MeCN; (b) DBU/THF; (c) MeNH/MeOH, then NaBH. galanthaminel (Scheme 19) in our first generation synthesis
of galanthamine. We envisioned a new oxidatidmdolacton-
ization—elimination sequence to introduce the allylic oxygen

Scheme 26. Synthesis of Galanthamine and 3-epi-Galanthamine

ocH OcHs Ot of compound96 directly from compoundd8 (Scheme 27).
* i) MsCUELN 5 o Conformation analysis showed that the carboxylic acid derived
- isgicgo from oxidation of aldehyded8 could only access the more
THF/H,0 _ hindereds-face of the olefin intramolecularly to give lactone
45% dr=1.5:1 OH g4 96 (as depicted in conformatio®7).
. Compound8 can be prepared either directly from aryl ether
s 90 (Scheme 23) via Heck cyclization or from aryl eth&2
(Table 2) with some functional group manipulations followed

by Heck cyclization. Due to the difficulty in achieving good
enantioselectivity of ethed0, we decided to prepare compound
98 from aryl ether52, which can be obtained with high optical
purity (88%ee) using palladium-catalyzed AAA reaction (Table
2). On the basis of the success of the Heck reaction for substrate
90 (Scheme 24), we decided to keep the aldehyde functionality
of ether52 while removing the electron-withdrawing substituent
on the olefin by homologation of the,f-unsaturated ester to a
o,[-unsaturated nitrile (Scheme 28). To this end, aldetbzie
was protected as its dimethylacetal by treatment with trimethyl
orthofomate and catalytip-toluenesulfonic acid. It would be
more convergent if the acetal can be formed before the AAA

Direct iodolactonization 085 was not successful. A one-pot  reaction. Neither methanol nor ethylene glycol can produce pure
hydrolysis, iodolactonization followed elimination procedure acetal. The acetal obtained was quickly hydrolyzed when
provided lactoné4 in 64% overall yield (Scheme 25). Reduc- exposed to air. Selective reduction of tg-unsaturated ester
tive amination and amidation were achieved in a single with diisobutylaluminum hydride (Dibal-H) at 78 °C afforded

OH 1 48% OH 95 35%

85 was assigned on the basis of analogy to Heck cyclization of
compound60 (Table 3). Reductive amination &5 provided
lactam80 in high yield. Attempts for the allylic oxidation of
lactam 80 were not successful, which has been observed by
Parson® as well (Scheme 20).

operation, giving lactan83 in 50% yield. allylic alcohol100 Theao,S-unsaturated nitrilé01was prepared
The allylic alcohol83 was activated and subjected to basic (131) Lee, T. B. K.; Goehring, K. E.; Ma, Z1. Org. Chem1998§ 63, 4535.
hydrolysis (Scheme 26%27134 Two isomers 93 and 94) in a (132) Shull, B. K.; Sakai, T.; Nichols, J. B.; Koreeda, B1.0Org. Chem1997,
) . ) . 62, 8294.
ratio of 1.5:1 were obtained without any recovery of the starting (133) Tsunoda, T.; Yamamiya, Y.; Kawamura, Y. ItoT8trahedron Lett1995
material on the basis of crudél NMR. Both isomers were 36, 2529.

K . (134) Hughes, D. L.; Reamer, R. A. Org. Chem1996 61, 2967.
collected and reduced by LiAlHnN refluxing tetrahydrofuran (135) Ziegler, F. E.; Piwinski, J. J. Am. Chem. S0d.982 104, 7181.

i iné32 (136) Trost, B. M.; Murphy, D. JOrganometallics1985 4, 1143.
(THF). By comparing théHNMR of known galanthaming2 220 ot o L P e e - sato. Y. Org. Chem1997 62,
and 3epigalanthamined5,2575 the major isomer (isolated in 3263,
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Scheme 28. Synthesis of Compound 1022

OHCJ@\ (H3CO),HC
Br OCH
H,C0,C [ 3 a)b) Ho Br ; OCH3 c)d) /
©/ o ° 76% v
88%ee .

100 96%ee 101 1.5% NOE
(-)-52 after recrystallization 102

aConditions: (a) 1.5 mol % TsOH, CH(OMg)MeOH; (b) 2. DIBAL-H/Tol, =78 °C; (c) 1. PhP, acetonecyanohydrin, DIAD, £3; (d) 2.20 mol %
TsOH, THF, HO; (e) 15 mol % Pd(OAe) 15 mol % dppp, 3 equiv of AGOs, PhCH;, 107 °C.

Scheme 29. Attempted lodolactonization of Acid 103

OCH;
‘ NIS/base
HO,C heat |

Nc/"'l- °

103

in 84% vyield using a modified Mitsunobu proto&&iiso first generation synthesis, the competitive oxidation of the
followed by acid hydrolysis. The enantiomeric excesslol tertiary amine and the benzylic protons (Scheme328)We
was improved to 96% by recrystallization from diethyl ether decided to reexamine the allylic oxidation strategy on substrate
and petroleum ether with 90% mass recovery. We then examined102, where the benzylic position is protected as the aldehyde
the Heck reaction of the acetonitrile-substituted cyclohexene and the tertiary amine is masked as nitrile. This can be realized
101 High yield (91%) of the Heck produdtO2 was obtained by oxidation of the olefin to an enone followed by known
using a catalytic amount of diphenylphosphinopropane (dppp) diastereoselective 1,2-reduction or, more efficiently, direct
and Pd(OAQ) in refluxing toluene in the presence of excess of oxidation to the allylic alcohol, which raises the question
silver carbonate, conditions similar to the cyclization 98f regarding the diastereoselectivity. Usually, the electrophile
(Scheme 245435 Other solvent (DMF) or ligands (dppe, dppf) would approach the olefin from the less hindered convex face.
gave lower yield. Lower conversion and olefin isomerization We envisioned that SeQvould react with the olefin from the
were observed with lower catalyst loading or less amount of more hindered concave face through an ene mechéffism
silver carbonate. (structure108 Scheme 30), because the axial protog I3
Aldehyde102was oxidized to acid03uneventfully (Scheme  perfectly aligned with ther system. Gratifyingly, treatment of
29). All attempts for the iodolactonization of aci®3 under olefin 102 with SeQ in dioxane at 15C°C in a sealed tube
the same condition for acid derived from es#&r(Scheme 25)  provided alcohol107 in 57% yield (dr = 10:1) with 7%
or more forcing conditions (high temperature) failed, and most recovered starting material in the presence of pR® and
of the starting materials were recovered. In the case of acid quartz sand** Other additives, such as HG®,“InCls, YbCls,
derived from esteB5 the electrophile (NIS) approached the and NaHPQ;, gave less of the desired product. Attempts to
olefin from the more hindereg-face (syn to the bulky aryl fully convert all the starting material by extending the reaction
group). Formation of iodonium speci&§5 should be a facile time or increasing the temperature resulted in more decomposi-
process since the electrophile (NIS) now approaches the olefintion. Only a trace amount of product was found in refluxing
from the less hindered-face (anti to the bulky aryl group).  dioxane (110°C) after 8 h. This represents the first successful
However, to bring the carboxylic acid in close proximity to the allylic oxidatior?* of the galanthamine skeleton. The stereo-
olefin, the cyclohexene ring has to adopt the less stable chemistry of 107 was tentatively assigned on the basis of
conformation106, where the bulky aromatic ring is on the coupling constants of #Heqand HyHeq (J < 5.0 Hz). The high
pseudoaxial position. Furthermore, the diaxial trajectory required diastereoselectivity reflects the stereoelectronic requirement for
for the attack of the carboxylate to iodonium ion cannot be the ene reaction.
fulfilled in conformation106. CompoundLO7together with its epimer (d= 10:1) was then
There are primarily two reasons for the failure of the direct Converted to the natural product in a one-pot process (Scheme
allylic oxidation of deoxygalanthamir0 (Scheme 16) in our 31). Aldehydel07 was treated with methylamine in methanol

(140) Nicolaou, K. C.; Petasis, N. Aelenium in Natural Products Synthesis

(138) Wilk, B. K. Synth. Commuril993 23, 2481. CIS: Philadelphia, PA, 1984.
(139) Aesa, M. C.; Baan, G.; Novak, L.; Szantay, $nth. Communl1995 (141) Trost, B. M.; Van Vranken, D. LJ. Am. Chem. S0d.993 115, 444.
25, 1545. (142) Shibuya, KSynth. Commurll994 24, 2923.
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Scheme 30. Direct Diastereoselective Allylic Oxidation of 102

OCHs;
Se0s, NaH,PQ,, dioxane, 150°C 3h,

] 57%,
64% based on recovered starting material.
dr=10:1

OCH,
7\ 00% //0
= e y I

OHC {0 " \J<5.0Hz
NC { HaHeq - Heg

108 Ha J<5.0 Hz

107

Scheme 31. One-Pot Completion of the Synthesis of (—)-Galanthamine and Its Derivative?@

OCH;

OH
107 108 110 R=nPr, SPH-1339, 56%

aConditions: (a) RNH, MeOH; (b) 4 equiv of DIBAL-H, then aqueous NaPiOy; (c) NaCNBH;.

1 R=Me,galanthamine 62%

solution. Excess methylamine and methanol was removed undereductive cyclization represents a simple and efficient strategy
vacuum. Concomitant reduction of the imine and nitrile by to form the latter and to access many galanthamine analogues.
DIBAL-H followed by acid quenching presumably gave a seven-

. ) . . . Enantioselective Synthesis of ( —)-Codeine and
membered ring hemi-amindl09. The resulting solution was y S

—)-Morphi
directly treated with sodium cyanoborohydride to affore){ (=)-Morphine
galanthaminel and 3epigalanthamin®s (Scheme 26) in 62 In our synthesis of galanthamideand its derivative SPH1339
and 6% isolated yields, respectively. All spectral dathMR, 110 we established a practical synthesis of cyanoaldetp@e
13C NMR, IR) [o]p = —123.1 € = 0.4, EtOH), lit? [o]p = in only five steps from Pd-AAA producd2 (Scheme 28). On
—131.4 ¢ = 0.6, EtOH)) are identical to those of a sample of the basis of the diversified strategy proposed in Scheme 3, we
the natural product and data from previous synthesis. then pursued the synthesis of opium alkaloids starting from

Simply switching methylamine to propylamine, SPH-1339 intermediatel02 which has the common tricyclic core of opium
110, a slightly more potent inhibitor of Ache compared to @alkaloids and appropriate functionalized side chainsafiti R
(—)-galanthaminel, was prepared in 56% yield by this one- ©f compound19, Scheme 3) that can be transformed to the
pot process. Previous syntheses of this type of galanthamine@dditional rings of the opium alkaloids.
derivatives require demethylation of galanthamine via Scheme 32 outlines two strategies based upon formation of

Polonovski reactiol followed by alkylation of the resuling  the piperidine ring as the final ring-forming evefit.**In path
norgalanthaminé? 14 A, a straightforward displacement of amino alcohbll
The third generation synthe&if galanthamine (10 steps, envisions formation of the latter via a carbonyl ene reaction of
96% ee, 8% overall yield from commercially available glut- aldehydell2 which, in turn, may derive by homologation of
araldehydes5 and isovanillin25) is a significant improvement ~ cyanoaldehyd&02 Path B outlines a more intriguing, but more
over and successfully addresses many of the shortcomings ofSPeculative, strategy in which the piperidine ring would arise
the first generation synthedi{16 steps, 88% ee, 0.8% overall Py a hydroamination of amin&13 which, in turn, may derive
yield). Furthermore, switching methylamine to other alkylamines from Heck vinylation of Z-vinyl bromide 114 A simple
in the last step can provide easy access to various ga|anthaminé>lefination protocol should allow the latter to derive from the
derivatives, demonstrated by the synthesis of SPH-1339. TheSame aldehyd&02
sequential palladium-catalyzed AAA and intramolecular Heck ~ Scheme 33 outlines the initial efforts based upon path A.
reaction followed by a diastereoselective allylic oxidation Homologation of the aldehyde proceeded uneventfully via
provided the key intermediat&07 with e_tll th(=T functionality (143) Parker, K. A Fokas, DI. Am. Chem. Sod992 114, 9688.
installed except the hydrobenzoazepine ring. The one-pot(144) Toth, J. E.; Fuchs, P. L. Org. Chem1987, 52, 473.

14800 J. AM. CHEM. SOC. = VOL. 127, NO. 42, 2005



—)-Galanthamine and (-=)-Morphine Synthesis ARTICLES
) phine Sy

Scheme 32. Retrosynthetic Analysis of Opium Alkaloids conformation of morphiné‘f7 both H, and H, of alkenel117
are stereoelectronically and sterically favored for allylic oxida-
tion. Despite Hbeing doubly allylic, its removal with selenium
dioxide is clearly strained due to creation of the bridgehead
double bond. Indeed, subjectihd7to this reagent only involves
abstraction of I to give the corresponding alcohdl18
6 R=Me, codeine accompanied by the overoxidation product ketbf® Directly
§ R=H, morphine adding the DessMartin periodinane to the reaction mixture
prior to workup allowed keton&19to be isolated in 58% yield.
Its reduction proceeded stereoselectively with DIBAL-H in
THF—ether to give the required alcohdR0 almost quantita-
tively. No reduction of the nitrile was observed in this solvent
system. Furthermore, none of alcoi@0 was detected in the
initial allylic oxidation.

Adapting a known protocdt!® the nitrile 120was converted
to the secondary amingl3in a one-pot operation (Scheme
36). Switching from THF to methylene chloride allowed nitrile
reduction to the imine aluminum complex. Addition of am-
monium bromide in dry methanol destroyed excess DIBAL-H
B. Olefinatior4 followed by chemoselective reduction of the ~2nd freed the imine. Subsequent addition of excess methylamine
E-vinyl bromide“¢ provided the cyclization substraté14 converted the primary imine to the more stable secondary one

(Scheme 34). Intramolecular Heck vinylation to the sterically (Scheme 36). The final stage involved addition of sodium

rearrangement of an epoxide intermediate. All attempts to effect
the intramolecular carbonyl ene reaction to form alcohth
failed.

Thwarted in attempts to execute path A, we turned to path

congested neopentyl carbon created the tetradytTén good borohydride wherein amin&13 was obtained quantitatively
yield under the same conditions used for the Heck reaction of from alcohol120. Performing this same protocol on ketol®9
compoundsD0 and 102 (Scheme 24 and Scheme 28). also converted it to amingl3 thereby saving one step.

With the skeleton of morphine in hand, our attention focused  The stage was set for the closure of the final piperidine ring.
on allylic functionalization (Scheme 35). Based upon the known Parker*3 Mulzer,14%-151 and Ogasawat& 153synthesized 7,8-

Scheme 33. Attempted Carbonyl Ene Reaction
OMe

(CH3)3S+ “O3SOCHj3,
NaOH, CH,Cl,, 81%

BF3:OEt,, THF

c)

O
65%

114
aConditons: (a) CBy, PP, CHCly; (b) 5 mol % Pd(PP$)4, nBusSnH, PhCH; (c) 15% Pd(OAc), 15% dppp, AgCO;s, toluene.

Scheme 35. Allylic Oxidation of Compound 117 and Diastereoselective Reduction

OMe OMe
Se0,, dioxane, sand, +
NC- 0 75°C NC- O Dess-Martin NC-
H
17 119 o 58% two steps
DIBAL-H
I 99% | THF/Et,0
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Scheme 36. Sequential Reduction—Transamination—Reduction
OMe D|BAL-H, CH2C|2/Et20 D|BAL-H, CH20|2/Et20
then NH,Br, MeNH; then NH,Br, MeNH,
and then NaBH,4 and then NaBH,
NC- O quant. 89%
H
OH
120 113
Mechanism of the tandem reduction-transamination-reduction
DIBALH, MeNH NaBH, R—\
then NH,Br  R— ez R—\ abHs
R-CN —— NH N-Me NHMe
dihydrocodeinone by cyclizing the final piperidine ring via a Scheme 37. Light Promoted Hydroamination
radical anion process (Li/Nyi-BuOH) from a tosyl amide OR

derivative. We decided to investigate the direct ring closure of

secondary amin&13to codeine via hydroamination. Carefully
examining the functional group compatibility of all known olefin
hydroamination reactior’$*-164 the base-catalyzed hydro-

amination appeared to be the most promising method for the

hydroamination of aminé13

The first example of base-catalyzed intermolecular hydroami-

nation of vinylarenes appeared in 1948The anti-Markovnikov

OMe

LDA/THF with
Tungsten bulb

57%

OH
(-)-codeine

6 R=Me, (-)-codeine
BBI'3 <
5, R=H, (-)-morphine

addition product was obtained as the major product albeit in N, do not cyclize in the presence of either stoichiometric

low yield. The hydroamination of styrene derivatives using
alkyllithium as precatalyst was first reported in 19%2The

alkyllithium-catalyzed hydroamination of styrene has been
extended to more complicated amines and more substituted vinyl

aromatics by Belle#55167.168and other group¥9.170

Base-catalyzed intramolecular hydroamination of vinyl arenes

was only studied for the formation of five-membered ridgs.

or catalytic amounts ofmBuLi.1”2 However, under anodic
oxidative conditiong/3174the lithium amide of electron-rich
vinylamines can cyclize to corresponding pyrrolidines in moder-
ate yield1"2

Simply treating113 with various amounts of lithium diiso-
propylamide (LDA) orn-butyllithium in refluxing THF led to
recovered starting material up 2 h and extensive decomposi-

It has been shown that more than stoichiometric amounts Oftion after 8 h. With the notion that the addition might be

base (i.e. BuLi) give lower yields. Although monosubstituted facilitated by single electron transf&-177

promotion of the

alkenes cyclize smoothly, more substituted alkenylamines and e by irradiation of the basic solution with an ordinary

electron-rich vinylamines (e.g-CH3;O—CgHs—CH=CH(CH,)3-
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tungsten light bulb’®17%was envisioned. Indeed, subjecting the
solution of aminell3 and 6 equiv of LDA in THF to such
irradiation with a 150-W tungsten light bulb led to cycloisomer-
ization to form (-)-codeine whose spectral data are identical
to those previously reported (Scheme )18l ess amount
of base led to lower conversion. Demethylation as reported by
Ricet®2with boron tribromide converts this route into a synthesis
of (=)-morphine as well.

This very short asymmetric total synthesis ef)fmorphine
(15 longest linear steps with 3.2% overall yield and 16 total
steps from commercially available materials) arises because of
the minimal use of protecting groups. Palladium-catalyzed
reactions, AAA and two Heck-type, create the entire carbon
framework and four rings. The one-pot reductidransamina-
tion—reduction of nitriles significantly shortens the route. Most
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noteworthy is the effectiveness of the intramolecular hydroami- of the amaryllidaceae and opium alkaloids from a chemical
nation promoted by visible lighta reaction that should prove  synthesis perspective has now been established. All the stereo-
more generally useful in alkaloid synthesis. chemistry emanates from the palladium-catalyzed AAA. Since
both enantiomers of ligan85 are availablé?! both galan-
thamine and morphine are available, as either enantiomer, from
All three generations of syntheses of galanthamine and the commercial available materials. This strategy should allow for

synthesis of morphine feature the sequential palladium-catalyzedemry into a variety ofamaryllidaceaealkaloids and opium
asymmetric allylic alkylation and Heck cyclization. We devel- 5 \xai0ids with similar skeletons.
oped three different ways to introduce the allylic alcohol

diastereoselectively. Among them, the direct allylic oxidation  acknowledgment. We thank the National Science Foundation

is the most efficient and selective one. The third generation 54 the National Institute of Health, General Medical Sciences
synthesis of galanthamine is different from previous ones by (Gant GM-13598), for their generous support of our programs.
closing the benzoazepine ring in the last step. This provided ;..o spectra were provided by the Mass Spectrometry Facility

easy access to various galanthamine analogues demonstrate(gif the University of California-San Francisco, supported by

by.the Synthe.S'S.Of S.PH'1339' Th|§ Is the shortest gnd mOStthe NIH Division of Research Resources. W.T. thanks Amgen
efficient nonbiomimetic total synthesis of f-galanthamine to .
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date. ()-Galanthamine and—)-morphine are now available
in two steps (35% vyield) and seven steps (14% vyield),
respectively, from the common intermedid@2, which can be
prepared enantioselectively from commercial available glut-
araldehyde35 and isovanillin25 in eight longest linear (23%
overall yield) and nine total steps. Strategically, the commonality JA054449+

Conclusion

Supporting Information Available: Compound spectra and
experimental details. This material is available free of charge
via the Internet at http://pubs.acs.org.
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