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Abstract

Non-phenalic oxidative coupling: The first total synthesis of the C-2 symmetric indole alkaloid P-
(+)-dispegatrine (1) is reported. A late-stage thallium(lI1)acetate mediated intermolecular
oxidative coupling was employed to construct the C(9)-C(9”) bond with complete regio- and
stereocontrol. The exclusive formation of a single atropodiastereomer 12 in this critical step arises
due to internal asymmetric induction, as planned. In addition, the first total synthesis of four other
monomeric sarpagine indole alkaloids is described.
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The Sarpagine-Macroline group of indole alkaloids consists of more than 150 members and
is an important class of natural products with diverse biological activity.[!] A biogenetic link
between the Sarpagine alkaloids and the Ajmaline-related alkaloids has been confirmed by
Stockigt et al.[21 Common to these three classes of alkaloids, is the core cycloocta[b]-indole
framework | (Figure 1A), which has recently been a subject of biology-oriented synthesis
(B10OS) by Waldmann et al.,[3] the analogues of which are promising targets for developing
a novel class of potent and selective Mycobacterium protein tyrosine phosphatase B
(MptpB) inhibitors against Mycobacterium tuberculosis.[4l The ‘S configuration at C(6) and
C(10) and the p-ketoester moiety were key to the inhibitory activity.
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Bisphenolic, bisquaternary indole alkaloids are very rare.[5] Of the 300 or so dimeric indole
alkaloids isolated to date, the sarpagine alkaloid dispegatrine 1[6] (Figure 1B) and
blumeaninel’] are the only two dimeric indoles belonging to this class. (+)-Dispegatrine (1)
and the monomer (+)-spegatrine (2) were isolated from the roots of Rauwolfia verticillata
(Lour.) Baill var. hainanensis Tsiang by Yu et al.[®] Both 1 and 2 are known to exhibit
antihypertensive activity with the affinity of the dimer 1 on both the a1- and a2-
adrenoreceptors about an order of magnitude greater than that of the monomer 2.[81 While
the structure of dispegatrine (1) was assigned during isolation, the apparent axial chirality at
the C(9)-C(9) biaryl axis was not determined. Although the authors attempted a
semisynthesis of 1 via an oxidative phenolic coupling of 2 (Scheme 1A), the yield of the
process was very low (0.25%).I81 A number of synthetically related monomeric alkaloids
such as (+)-lochneram (3), (+)-10-methoxyvellosimine (4), (+)-lochnerine (5) and (+)-
sarpagine (6) have also been reported (Figure 1B).[1¢] The complex architecture combined
with the promising bioactivity of 1,[81 2,[8] and 5% rendered them very attractive targets.
Herein is described the first total synthesis of the sarpagine alkaloids 1, 2 and 46 in a
stereospecific manner.

Direct biaryl bond formation can be classified into two types: (a) the reductive metal-
catalyzed coupling reaction (e.g Ullmann, Suzuki, Stille, etc.) and (b) the oxidative
(phenolic/non-phenolic) coupling reaction.[*0] Although the regioselectivity of the reductive
coupling processes is predetermined by the use of activated coupling partners (which may
have to be synthesized separately), this could mean additional steps to the synthetic route.
The direct oxidative (phenolic/non-phenolic) coupling of non-activated substrates on the
other hand, is the most powerful and economical method for the synthesis of biaryls.[10:11]
The lack of preactivation, however, could affect the regioselectivity of the process,
especially in the intermolecular mode. For example, the presence of more than one reactive
site in the phenolic substrate could lead to a mixture of products (via ortho- and para-
coupling) and subsequent overoxidation to quinones either from the coupled product or the
original substrate could lower the yield of the process. Atropselectivity in both cases is most
commonly achieved by employing chiral catalysts[10-12] or in a few cases by taking
advantage of the existing chiral centers in the substrate[*3] and/or by double
diastereodifferentiation [14]

The formation of the biaryl bond in a large number of bisphenolic biaryl natural products is
assumed and in some cases proven to be a result of an oxidative phenolic coupling.[*®! The
existence of 1 as a single atropodiastereomer both in nature and during semisynthesis,
suggests the simultaneous formation of the biaryl bond with internal asymmetric induction
by the sarpagine framework of the monomer 2. We based the strategy on these reports. The
retrosynthetic analysis of 1 is illustrated in Scheme 1B. A potentially biomimetic
intermolecular biaryl coupling could be employed to construct the C(9)-C(9’) bond in 1.
Since oxidative phenolic coupling of 2,161 yielded only a trace amount of 1, a non-phenolic
Scholl-type oxidative coupling[18] of the sarpagine alkaloid (+)-lochnerine (5) could be
attempted to this end. We have been interested in the total synthesis of sarpagine indole
alkaloids and a general route for the synthesis of related alkaloids via the asymmetric Pictet-
Spengler reaction has been developed. Our strategy toward the synthesis of the monomers
2-6.and in turn 1 relied on this approach.[1al

Analogous to the previous work of Zhao et al., in the N;-Me series, [17] the 5-methoxy-N,-H-
D(+)-tryptophan ethyl ester 7 was converted to the key tetracyclic core 8 in six steps via the
asymmetric Pictet-Spengler approach. Attempts to effect the key enolate mediated palladium
catalyzed cyclization of 8 under the modified conditions [Pd,(dba)s/DPEphos/t-BuONa](1é]
furnished the pentacyclic ketone 9 in lower yields (50%), accompanied by acetylene
byproduct (not shown). This problem was circumvented by subjecting the vinyl iodide 8 to
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the much milder conditions of Bonjoch et al.[X%] which furnished the pentacyclic ketone 9 in
73% yield (Scheme 2). Wittig reaction of 9, followed by a hydrolysisepimerization sequence
provided the more stable a-aldehyde in (+)-10-methoxyvellosimine (4). Reduction of the
aldehyde 4 with NaBH4/EtOH furnished (+)-lochnerine (5) in 90% yield. Demethylation of
5 with BBr3/CH,Cl, furnished the phenolic monomer (+)-sarpagine (6) in 80% vyield.
Subsequent quaternization of the Ny-nitrogen function in 6 at room temperature with excess
methyl iodide provided the Ny,-methiodide salt, which on stirring with silver chloride in
ethanol(20] furnished (+)-spegatrine chloride (2). The spectral data of synthetic 2 and 4-6
were in excellent agreement to that reported for the natural products and resulted in the first
total synthesis of the alkaloids.[1c

Intermolecular non-phenolic oxidative dimerizations of complex aryl substrates are very
rare.[21] A majority of the documented examples constitute simpler aromatic systems or
substrates with no competing reactive sites.[10d: 221 |n order to test the feasibility of such an
intermolecular oxidative coupling on the electron-rich indole alkaloid (+)-lochnerine (5)
[with two possible reactive sites, C(9) and C(11)], it was decided to first carry out a model
reaction on a more robust substrate. The N,-methy! beta-carboline 10, synthesized earlier(7]
was employed for this purpose. In the absence of a chiral catalyst, such a model reaction
could also provide an insight into the possible substrate-dependent atropselectivity of the
process.

Of the various combinations documented,[10d] the hypervalent iodine(111) mediated coupling
conditions developed by Kita et al.[220. 23] and the thallium(111) mediated conditions of
Taylor et al.[22¢. 24] seemed best suited to the substrates under study here. As illustrated in
Scheme 3, B-carboline 10 when subjected to iodine(I11) or thallium(I11) mediated oxidative
coupling afforded a mixture of the atropodiastereomers 11a and 11b with complete
regioselectivity. In general, the hypervalent iodine mediated oxidations
[phenyliodine(l1)bis(trifluoroacetate) (PIFA) or phenyliodine diacetate (PIDA) at =78 °C to
0 °C) generated a number of highly colored baseline impurities. At best a combined yield of
30% (11a: 11b =4 : 1) was obtained with a combination of PIFA (0.8 equiv), BF3-Et,0 (3
equiv) at =40 °C. However, with the thallium(l11) salt [TI(OCOCF3)3 or TI(OCOCHzs)3] as
the oxidant, the reaction was much cleaner with very little baseline material. Upon
optimization, the milder thallium(l11) acetate (0.7 equiv), BF3-Et,0 (3 equiv) at =40 °C
provided a combined yield of 67% (b.r.s.m.), in favor of 11b. Upon chromatographic
separation, the lower Rr atropodiastereomer 11b was recrystallized from EtOH. X-ray
analysis determined the axial chirality of 11b as P(S).[2°] Based on the results of the model
reaction, oxidative dehydrodimerization of 5 was next attempted.

As illustrated in Scheme 4, a combination of thallium(l11)acetate (0.65 equiv) and BF3-Et,0
(3.0 equiv) in acetonitrile at —40 °C afforded the key C(9)-C(9’) biaryl 12 as the sole
atropodiastereomer in 60% yield (b.r.s.m) with complete regioselectivity in agreememt with
the retrosynthetic analysis. Formation of a small amount of the aryl-thallium byproduct A
(8%) at C(9), is in accordance with the mechanistic studies by Kochi et al.[26] The free
indole N,-H and the primary hydroxyl function at C(17) remained unaffected. Attempts to
achieve complete conversion of the starting material 5 by increasing the equivalents of
TI(OCOCHj3)3 led to increased formation of the arylthallium adduct (A) and baseline
impurities. Column chromatographic purification of the dimer 12, followed by
recrystallization from methanol provided white crystals for X-ray analysis, which
established the axial configuration as P(S).[2] As anticipated, the rigid sarpagine
framework and the existing stereogenic centers in 5 exerted complete atropselection in the
key biaryl coupling step, thereby forming a single atropodiastereomer 12. This would be in
agreement with a potential biomimetic coupling in the plant since the other
atropodiastereomer of 1 was not reported there or observed by us.
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With the axial chirality established in the key intermediate 12, the total synthesis of
dispegatrine (1) was completed in two steps as illustrated in Scheme 4. The C(10)-C(10")
methoxy groups were demethylated with 11 equiv of BBr3/CH,Cl, at =78 °C to furnish the
bisphenol. Ny-quaternization of the highly polar bisphenol required heating of the reaction
mixture in a sealed tube at 40 °C with a large excess of Mel to provide the methiodide salt.
Further treatment with AgCl/MeOH at room temperature completed the total synthesis of P-
dispegatrine (1). Spectral analysis (*H NMR and HRMS) of the synthetic (+)-dispegatrine
(1) were in good agreement with the literature values,[8] except the proton chemical shifts
for H-5,5'. In order to obtain better spectroscopic data, the bismethyl ether 13 was
synthesized by carrying out the the Ny-quaternization of 12 with Mel/MeOH at rt or 40 °C.
Analogous to blumeanine (isolated as its diacetate),[”] chromatographic purification and
isolation of the bisquaternary salt 13 proved to be much easier in comparison to (+)-
dispegatrine (1). The 2D NMR correlation experiments (see Supporting Information) on the
dimer 13 established the position of the H-3,3" and H-5,5’ protons. In the absence of an
authentic samplel28] [for circular dichroism (CD) analysis or thin layer chromatography
(TLC) comparison], it is impossible to unequivocally report that synthetic 1 is identical to
the natural product even though the 'H NMR is in good agreement.[2°] However the fact that
the biomimetic coupling by Yu et al.[®] gave only the natural isomer and our oxidative
coupling gave the P-atropodiastereomer from similar scaffolds strongly suggests that they
presumably are the same.

In summary, a general approach to the ring-A oxgenated N,-H sarpagine indole alkaloids
has led to the first asymmetric total synthesis of the dimeric indole alkaloid P-(+)-
dispegatrine (1) as well as the monomers 2, 4-6. The synthesis is notable especially for
execution of the direct oxidative dimerization of (+)-lochnerine (5), in the presence of the
free indole N4-H, highly basic Ny-nitrogen atom and the C(17) hydroxyl group. To the best
of our knowledge, this is the first report of a direct intermolecular oxidative nonphenolic
coupling of highly functionalized and sensitive substrates (5 and 10) and has expanded the
scope of the thallium(I11)-mediated oxidative coupling reaction in heteroaromatic biaryl
synthesis. Additionally an indirect alternative to the less predictable phenolic coupling,
especially in complex aryl substrates is presented. Further work to understand the
mechanism of the key biaryl coupling reaction is in progress and will be reported in due
course.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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* S configuration at C(6) and C(10)
* [-ketoester moiety
R = O-atom containing phenyl group/
A) phenyl group containing m and p- EWG groups

(+)-10-methoxyvellosimine (4),

(+)-spegatrine (2), R!= OMe, R? = CHO

(+F)‘).|=0§]:’e:;; ((::;) (+)-lochnerine (5),
(+)-dispegatrine (1) s R'= OMe, R? = CH,OH

(+)-sarpagine (6),

ajp?® +230° (¢ 0.1, MeOH)!6]
felo ( ) R'= OH, R? = CH,OH

Figure 1.
A) The cycloocta[b]-indole core structure with promising activity against M. tuberculosis.[4]
B) Ring-A oxygenated sarpagine indole alkaloids 1-6
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A) Yu's Biomimetic Semisynthesis of 1[¢/

HO

OH

W

&P

Ks[Fe(CN)sl,

0.25%

-dispegatrine (1)

P/M ?7?
(+)-spegatrine (2)

B) Proposed Late-Stage Non-Phenolic Oxidative Coupling (this work)

_____________ . MeO
H |
1R
=5 Ht] ! \CO,Et
source of *
stereocontrol | NH
i —> N z

Scheme 1.
A) Semisynthesis of 1[6]. B) Doubly Convergent Retrosynthetic Analysis of 1.
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Pd(PPhj),, PhOH,
KOt-Bu, THF, reflux

73%

CHO
NaBH,, EtOH,

MeOCH,PPh,Cl,
KOt-Bu, benzene, rt;

2 N aq HCI/THF, 55 °C O°Ctort _ N
90% 90%
(+)-10-methoxyvellosimine
HO
BBr3, CH,Cly, Mel/MeOH, rt;
-78 °C to rt AgCl, MeOH, rt
80% 85%
(+)-sarpagine (+)-spegatrine

Scheme 2.
General approach to the total synthesis of the sarpagine indole alkaloids 2, 4-6. THF =
tetrahydrofuran.
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MeO

COzMe

TI(OCOCHj)s, (M+P) = 67% b.r.s.m,
BF3E,0,-40°C, 1.25h | ps- p= 3.7

CO,Me MeO,C

Ph” N
+ \\
EtO,C'
© (CO,Et
N N \/Ph
P(S)-11b Me
MeO,C [a]p2° -90° (c 0.9, MeOH) [a]p?° -61.06° (c 0.8, MeOH) CO,Me

Scheme 3.
Oxidative non-phenolic coupling of beta-carboline 10. Recovered 10 = 14%. b.r.s.m. =
based on recovered starting material.
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OH
o/

TI(OCOCH;)s,
BFEt,0, -40 °C
to-10°C

60% b.r.s.m

(+)-lochnerine (5) P-(+)-12
[a]p?® +72 + 2° (¢ 0.1, MeOH)["] [oyp®® +203.64° (c 0.1, MeOH)

Scheme 4.

78 °C to rt, 80%;
e
H Mel/MeOH, 40 °C;

Mel/MeOH, 40 °C
—
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BBrg, CH,Cl,,

AgCI/MeOH, rt

85%

P-(+)-dispegatrine (1), R=H
P-(+)-bismethyl ether of
dispegatrine (13), R = OMe

Completion of the total synthesis of the P-atropodiastereomer of (+)-dispegatrine (1).
Recovered 5 = 14%, A = arylthallium adduct, Co4H2gN>Og T (8%), b.r.s.m = based on

recovered starting material.
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