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Abstract
The concise and enantioselective total syntheses of (−)-trigonoliimines A, B, and C are described.
Our unified strategy to all three natural products is based on asymmetric oxidation and
reorganization of a single bistryptamine, a sequence of transformations with possible biogenetic
relevance. We revise the absolute stereochemistry of (−)-trigonoliimines A, B, and C.

In 2010, Hao and co-workers reported the isolation of structurally fascinating (+)-
trigonoliimines A (1), and B (2) along with (−)-trigonoliimine C (3) from the leaves of
Trigonostemon lii Y. T. Chang collected in Yunnan province of China.1 They also examined
trigonoliimines A (1) and C (3) in an anti-HIV assay where 1 was found to exhibit modest
activity (EC50 = 0.95 µg/mL, TI = 7.9).1 Intrigued by their unique molecular structure and
inspired by a plausible hypothesis for their biogenesis, we set out to develop a unified
synthetic strategy based on oxidation and reorganization of a single heterodimeric
bistryptamine to access all trigonoliimine alkaloids. Herein, we report the first total
synthesis of (−)-trigonoliimine A–C (1–3) and the related derivate (−)-isotrigonoliimine C
(4), enabling our revision of the absolute stereochemistry of alkaloids (−)-1–3 (Figure 1).

Our unified strategy for the enantioselective total synthesis of all known trigonoliimines was
based on the hypothesis that bistryptamine heterodimer 9 (Scheme 1) could serve as a
common biosynthetic precursor to these alkaloids. While the chemoselectivity of the
oxidation of bisindole 9 was envisioned to determine the ratio of regioisomeric
hydroxyindolenines 7 and 8, the stereoselectivity of the transformation was thought to
provide a platform for the asymmetric synthesis of the trigonoliimines. We postulated that
hydroxyindolenines 7 and 8 would serve as the branching point for divergent synthesis of
the two distinct structural motifs found in trigonoliimine alkaloids (Scheme 1).
Trigonoliimines A (1) and B (2) were expected to be accessed via a stereoretentive
cyclization of N12 onto the C20 carbinol function of precursors 5 and 6, respectively,
followed by N-formylation and condensation (Scheme 1). The requisite cis-fused aminals 5
and 6 could result from intramolecular cyclization of hydroxyindolenines 7 and 8,
respectively. Alternatively, a stereospecific Wagner–Meerwein type rearrangement2,3 of
intermediates 7 and 8 was envisioned to provide the indoxyls 10 and 11, respectively.4,5

Intramolecular condensation of the N12 amine and the C15 ketone of indoxyls 10 and 11 in
addition to N24 formylation was expected to provide trigonoliimine C (3) and
isotrigonoliimine C (4). Thus, the enantioselective synthesis6,7 of both regioisomeric
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hydroxyindolenines 7 and 8 was sought to address the asymmetric synthesis of alkaloids
1−4.

Our synthesis of the (−)-trigonoliimine alkaloids commenced with an iridium catalyzed8 C2-
borylation of the 6-methoxy-tryptamine derivative 12.9 We observed that using
dichloromethane as solvent at 23 °C minimized the undesired borylation of the phthalimide
substructure (Scheme 2). Access to bisindole 16 was possible via a Suzuki–Miyaura cross-
coupling10 of boronate 13 and 2-iodo-tryptamine 147,11 using a variety of palladium sources
in the presence of XPhos12 and potassium phosphate at elevated temperatures, albeit in low
and variable yields (7–44%). Alternatively, the use of Buchwald’s aminobiphenyl
precatalyst 1513 enabled a robust cross-coupling of pinacol boronate 13 and iodide 14 at 23
°C to give 16 in 31% yield. After an extensive screening of bases and additives, we noticed
that the presence of both a halophile14 and proper base was critical for the overall efficiency
of this transformation. We discovered that the use of silver phosphate (2.0 equiv) and the
precatalyst 15 optimally promoted this cross-coupling reaction, affording the desired
bistryptamine 16 in 63% yield (Scheme 2).

The bistryptamine 16 was found to be sensitive to oxidation under a variety of conditions. In
fact, simple exposure of bistryptamine 16 to air over 12 days resulted in autoxidation to (±)-
hydroxyindolenines 17 and 18 (17:18 = 1.5:1) in 27% yield along with recovered 16 (65%).
Interestingly, the presence of regioisomeric pairs is commonly observed in the
trigonostemon alkaloids family15 (Figure 1) and the major autoxidation product (oxidation
of 6-methoxy-indole substructure) is consistent with the major isolated trigonoliimines A (1)
and C (3).1 Given the rapid oxidation of bistryptamine 16, and based on observations on
stereoselective oxidation of related derivatives,4,5,7,16 we focused our attention on the use of
oxaziridines. Under optimal conditions, treatment of bistryptamine 16 with readily available
(+)-((8,8-dichlorocamphoryl)sulfonyl)oxaziridine (Davis’ oxaziridine)17 provided
hydroxyindolenines (+)-17 and (+)-18 (17:18 = 2.2:1, Scheme 2) in 95% yield and with an
outstanding level of enantioselection for both isomers (96% ee, vide infra).7,16 This solution
provided efficient access to precursors for the enantioselective synthesis of alkaloids 1−4.
While the isomeric hydroxyindolenines (+)-17 and (+)-18 were separated for complete
characterization and independent derivatization, separation of more advanced intermediates
en route to alkaloids 1–4 proved most practical.

Unveiling the two amino groups of hydroxyindolenines (+)-17 and (+)-18 spontaneously
provided the desired cis-fused aminals (+)-5 and (+)-6 (5:6 = 2.2:1, Scheme 3), our
proposed precursors for trigonoliimines A (1) and B (2), respectively, in 99% yield. Aminals
(+)-5 and (+)-6 were separable at this stage, allowing their independent chemical
examination and characterization. Interestingly, heating a solution of aminal (+)-5 in
trifluoroethanol (TFE) at 105 °C provided the desired azepane (−)-19 in 34% yield with
significant drop in enantiomeric excess (15% ee). On the other hand, aminal (+)-6 led to
almost complete decomposition under identical reaction conditions, highlighting the
different chemical reactivity of the regioisomeric series of intermediates in our studies.

While 1H NMR analysis of aminals (+)-5 and (+)-6 in deuterated chloroform were
consistent with cis-fused pentacycles depicted in Scheme 3, the analysis of the same
compounds in deuterated methanol revealed the presence of multiple species consistent with
reversible formation of aminal and imine isomers (Scheme 4). We reasoned that the
transmutation of (+)-5 to (−)-19, as described above, likely affords the product with greatly
diminished optical activity due to a low level of stereoselection in N12–C20 bond
construction upon ionization of carbinol 23 at C20 (Scheme 4) or upon formation of a
solvent/amine adduct of imine 22. Gratifyingly, treatment of a solution of aminals (+)-5 and
(+)-6 (5:6 = 2.2:1) in dichloromethane with the Martin sulfurane reagent18 at −78 °C
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provided the desired azepanes (−)-19 and (−)-20 in 47% combined yield (28% and 19%
yield, respectively, after chromatographic separation). Importantly, azepanes (−)-19 and
(−)-20 were obtained with minimal erosion of enantiomeric excess (94% ee and 95% ee,
respectively). The X-ray crystal structure analysis of pentacycle (−)-20 (Scheme 3), the
direct precursor for (−)-trigonoliimine B (2), unambiguously confirmed the molecular
structure and coherently (vide infra) assigned the S-configuration at C20. Using optimal
conditions, sequential treatment of pentacycle (−)-19 with pyridinium p-toluenesulfonate
(PPTS) and triisopropyl orthoformate in dichloromethane afforded (−)-trigonoliimine A (1)
in 82% yield {[α]D

24 = −294 (c 0.24, CHCl3)} (Scheme 3). Under identical reaction
conditions, the pentacycle (−)-20 was converted to (−)-trigonoliimine B (2) in 94% yield
{[α]D

24 = −352 (c 0.32, CHCl3)}. All 1H and 13C NMR data for our synthetic (−)-
trigonoliimines A (1) and B (2) matched those provided in the isolation report,1 confirming
the molecular structure of these alkaloids.

We next aimed to access (−)-trigonoliimine C (3) and (−)- isotrigonoliimine C (4) from the
same versatile hydroxyindolenines described above via a divergent synthetic path employing
a Wagner–Meerwein type 1,2-alkyl rearrangement.2,3 Oxidation and rearrangement of 2,3-
disubstituted indole has served as an efficient strategy to access indoxyl substructures and
has been applied in elegant total syntheses of various alkaloids.4 Our group has also utilized
oxidation and rearrangement of 2,3-disubstituted indoles as a highly stereoselective entry to
oxindole intermediates.5 We observed that exposure of hydroxyindolenines (+)-17 and
(+)-18 to various Lewis acids gave the desired indoxyls (−)-24 and (−)-25 along with
undesired oxindole byproducts. For example, in the presence of lanthanum
trifluoromethane-sulfonate in toluene at 80 °C, hydroxyindolenines (+)-17 and (+)-18 (17:18
= 2.2:1) afforded the undesired oxindoles in 34% yield along with the desired indoxyls in
56% yield.19 The choice of solvent with this rearrangement strongly influenced the ratio of
indoxyl to oxindole.5a After significant experimentation, we discovered that heating a
solution of hydroxyindolenines (+)-17 and (+)-18 (17:18 = 2.2:1) in trifluoroethanol at 102
°C for 24.5 h resulted in selective formation of the corresponding indoxyls (−)-24 and (−)-25
(24:25 = 2.2:1) in 93% combined yield (Scheme 5). The masking of the two amino groups
in the form of phthalimides during this rearrangement was critical in the overall efficiency
and selectivity for the formation of the desired products. Separation and independent
analysis of indoxyls (−)-24 and (−)-25 revealed a high level of enantioselection (96% ee) in
the synthesis of the corresponding hydroxylindolenines (+)-17 and (+)-18. The absolute
stereochemistry of indoxyl (−)-24 was secured by X-ray crystal structure analysis of the
corresponding C18-bromide (−)-2811 (Scheme 5). The high enantiomeric excess of bromide
(−)-28 (96% ee) in conjunction with its X-ray crystal data allowed for unequivocal
assignment of the S-configuration at C14. While intermediates en route to (−)-trigonoliimine
C (3) and (−)-isotrigonoliimine C (4) were separated for characterization and independent
derivatization, delayed separation of isomers proved most practical similar to the case of
(−)-trigonoliimines A (1) and B (2). Unraveling the two amino groups of indoxyls (−)-24
and (−)-25, followed by condensative cyclization promoted by titanium ethoxide20 as a one-
pot two-step procedure provided the cyclic imine (−)-26 and (−)-27 (26:27 = 2:1) in 61%
yield. Notably, we did not observe any of the undesired five-membered ring imines
corresponding to condensation of the N24 with C15 carbonyl. Treatment of pentacyclic
amines (−)-26 and (−)-27 with N-formyl imidazole followed by silica gel chromatographic
separation provided (−)-trigonoliimine C (3) {[α]D

24 = −147 (c 0.12, CHCl3)} and (−)-
isotrigonoliimine C (4) ([α]D

24 = −220 (c 0.10, CHCl3)} in 57% and 16% yield,
respectively. All 1H and 13C NMR data for our synthetic (−)-trigonoliimines C (3) matched
those provided in the isolation report,1 and analysis of the X-ray crystal structure of our
synthetic (−)-3 further confirmed the S-configuration at C14. Interestingly, while
isotrigonoliimine C (4) has not been isolated from nature at this time, we have recognized
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the pentacyclic amine (−)-27 as the most solvolytically sensitive compound amongst those
discussed in this report.

The magnitude and sign of specific rotation of our synthetic trigonoliimines in conjunction
with our X-ray crystal structure data provide valuable information regarding the
stereochemistry of these alkaloids. Interestingly, all of our synthetic (−)-trigonoliimines A–
C (1–3) showed a significantly larger magnitude of specific rotations compared to those
reported for the naturally isolated samples (Table 1). Importantly, the enantiomeric excess21

of our samples has been quantified by HPLC analysis of enantiomerically enriched samples
of several intermediates against readily available racemic samples from our exploratory
studies in this area. Additionally, our synthetic trigonoliimines A–C (1–3) derived from
hydroxyindolenines (+)-17 and (+)-18 exhibit a negative sign in their specific rotation.
However, naturally occurring trigonoliimines A (1) and B (2) were reported to have a
positive sign in their specific rotations whereas trigonoliimine C (3) was reported to have a
negative sign in its specific rotation. Furthermore, our three X-ray structures of highly
enantiomerically enriched compounds (Schemes 3 and 5) provide support for the need to
revise the absolute stereochemical assignment of all trigonoliimines (Figure 1). While the
absolute stereochemistry of our synthetic (−)-trigonoliimines A–C (1–3) are unequivocally
assigned through our studies, given the reported optical rotation values for the natural
samples of 1–3, we raise the possibility that either natural trigonoliimines A–C (1–3) were
isolated with a low level of enantiomeric excess or the optical rotation values for the natural
samples need to be revised.

We have developed the first total syntheses of all trigonoliimine alkaloids inspired by a
unified biosynthetic hypothesis22 for oxidation and reorganization of a single bistryptamine
precursor (Scheme 1). Our concise enantioselective syntheses of (−)-trigonoliimines A (1)
and B (2) are seven steps from commercially available material and employ a critical
stereoretentive condensative cyclization of hydroxyindolenines (+)-17 and (+)-18,
respectively. Our succinct enantioselective syntheses of (−)-trigonoliimines C (3) and (−)-
isotrigonoliimine C (4) are eight steps from commercially available material and draw on the
application of the venerable Wagner–Meerwein rearrangement of the hydroxyindolenines
(+)-17 and (+)-18, respectively. These divergent and stereocontrolled transformations of
hydroxyindolenines (+)-17 and (+)-18 were guided by retrobiosynthetic23 analysis of
trigonoliimine alkaloids. Rapid access to the key intermediates is enabled by a Suzuki–
Miyaura cross-coupling reaction using Buchwald’s precatalyst in conjunction with silver
phosphate followed by a highly enantioselective oxidation at the enantiodetermining and
branching point of our syntheses. Additionally, our studies allow us to revise the absolute
stereochemistry of alkaloids (−)-1–3.
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Figure 1.
Representative trigonostemon alkaloids including the revised absolute stereochemistry of
trigonoliimines A–C (1–3).
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Scheme 1.
Retrosynthetic Analysis of (−)-Trigonoliimines A–C (1–3) and Isotrigonoliimine C (4).
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Scheme 2.
Synthesis of Hydroxyindolenines (+)-17 and (+)-18.a
a Conditions: (a) HBPin, [Ir(OMe)(cod)]2 (5 mol%), 4,4'-di-tBu-2,2'-bipyridine, CH2Cl2, 23
°C. (b) Ag3PO4, 15 (20 mol%), PhCH3, H2O, 23 °C. (c) (+)-((8,8-
dichlorocamphoryl)sulfonyl)oxaziridine, CH2Cl2, −35→23 °C.
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Scheme 3.
Total Synthesis of (−)-Trigonoliimines A (1) and B (2).a
a Conditions: (a) NH2NH2•H2O, MeOH, 80 °C. (b) Martin Sulfurane, CH2Cl2, −78°C. (c)
CH(OiPr)3, PPTS, CH2Cl2, 23 °C.
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Scheme 4.
Possible competing pathways in conversion of amino alcohol (−)-5 to pentacycle (−)-19.
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Scheme 5.
Total Synthesis of (−)-Trigonoliimine C (3) and (−)-Isotrigonoliimine C (4).a
aConditions: (a) TFE, 102 °C. (b) NH2NH2•H2O, MeOH, 80 °C. (c) Ti(OEt)4, THF, 42 °C.
(d) N-formyl imidazole, THF, 23 °C.
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Table 1

Specific Rotation Values of Natural1 and Synthetic Trigonoliimines A–C (1–3).

Entry Alkaloids Natural ([α]10
D) Synthetic ([α]24

D)a

1 Trigonoliimine A +13.3 (c 0.3, CHCl3) −294 (c 0.24, CHCl3, 94% ee)

2 Trigonoliimine B +5.0 (c 0.5, CHCl3) −352 (c 0.32, CHCl3, 95% ee)

3 Trigonoliimine C −4.8 (c 0.45, CHCl3) −147 (c 0.12, CHCl3, 96% ee)

a
% ee of the key precursor for the corresponding synthetic trigonoliimine.
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