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A concise, convergent, and enantioselective synthesis of (� )-
6,7-secoagroclavine, a pivotal intermediate in the synthesis of
both clavine and ergot alkaloids, was accomplished from a
derivative of the renowned Uhle’s ketone. The synthesis is
centered on metal-free reductive coupling of the tosylhydra-
zone derivative of protected 4-amino Uhle’s ketone and

commercially available 2,2-dimethylethenylboronic acid, which
is used as a four-carbon building block. This novel approach
directly sets the stereochemistry on the difficult-to-access aryl
vinyl methane carbon stereogenic center of (� )-6,7-secoagro-
clavine.

Introduction

Clavine alkaloids belong to a subclass of the ergot family and
are produced from L-tryptophan and dimethylallylpyrophos-
phate by several fungal families; they have aroused much
interest due to their promising biological properties, fascinating
chemical structures, and food safety concerns.[1] They differ
from the ergot alkaloids produced by Claviceps in that they lack
the extensive peptide/amide chain modifications occurring in
lysergic acid-derived ergot alkaloids; therefore, they are consid-
ered simpler ergot alkaloids.[2] They can be classified into three
subclasses based on their distinguishing structures: tricyclic
clavines (also known as secoergolines), tetracyclic clavines (also
known as ergolines), or rearranged clavines (Figure 1).[2a] Where-
as the latter are considered biosynthetic derailment products of
clavine biosynthesis, the first two subclass are believed to
originate from the single, chiral, enantiopure progenitor tricyclic
compound called (� )-6,7-secoagroclavine (1a) via a series of
selective oxidation, reduction, and annulation reactions.[3] The
distinguishing structural features of (� )-6,7-secoagroclavine
(1a) are as follows: 1) the 3,4-fused tricyclic indole scaffold, also
called an indole-based peri-annulated system; 2) the two vicinal
stereogenic centers C4 and C5; 3) the methylamine group on
C4; and 4) two π-systems separated by a saturated carbon atom
on C5, i. e. an allyl-substituted arene. It is considered a lipophilic
prenyl-containing constrained tryptamine analog and has
attracted the interest of synthetic chemists since Horwell and
co-workers reported the isolation and identification of its
structure from Claviceps purpurea.[4] Ever since, many racemic
total syntheses of (�)-6,7-secoagroclavine have been reported,[5]

while the asymmetric synthesis of the natural compound (� )-

6,7-secoagroclavine (1a) still remains a stimulating synthetic
target.[6]

The first synthesis of optically active (� )-6,7-secoagroclavine
(1a) was disclosed by Nakagawa and Somei[6a] in 1991. Their
procedure employed an optical resolution by applying prepara-
tive chiral column chromatography to an advanced intermedi-
ate of the total synthesis. In particular, the key racemic tricyclic
nitro compound, which was later resolved, was obtained by the
Lewis acid-mediated intramolecular allylic SN2’ alkylation of a
3,4-disubstituted indole. Finally, the optically pure tricyclic nitro
compound was converted to the final natural product by
treatment with an excess amount of methyl magnesium iodide,
followed by reduction with zinc in methanolic hydrochloric acid
at reflux. The absolute configuration was determined by X-ray
crystallographic analysis of an amide derivative (Figure 2a). In
2015, Bernardi and co-workers reported a formal asymmetric
synthesis of (� )-6,7-secoagroclavine (1a).[6b] They developed an
elegant asymmetric domino Friedel-Crafts/nitro-Michael reac-
tion between a suitable 4-substituted indole and nitroethene,
catalyzed by a BINOL-derived phosphoric acid catalyst. Such a
domino process directly led to the corresponding 3,4-ring-fused
indole, with very good results in terms of yield and diastereo-
and enantioselectivity, as well as having the nitro group at the
strategic C4 position and the ester-containing alkyl chain at C5
to be converted into (� )-6,7-secoagroclavine (1a) (Figure 2b).[5e]

Furthermore, this approach provided convenient general access
to all four optically active stereoisomers of 6,7-secoagroclavine.
A few years later, Bisai and co-workers[6c] implemented a similar
intramolecular organocatalytic enantioselective nitro-Michael
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Figure 1. Structures of ergot and clavine alkaloids.
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reaction onto the α,β-unsaturated ester to construct the N-tosyl-
protected tricyclic γ-nitroester derivative; however, they used
cinchona alkaloid-derived catalysts. By simply changing the
chirality of the catalyst with the basic selective epimerization at
the α-nitro stereogenic center, favoring the cis stereoisomer of
the nitro compound (high acidity of the nitro-group α-proton),
all four optically active stereoisomers of (� )-6,7-secoagroclavine
(1a) were obtained. Nevertheless, to complete the total syn-
thesis of natural (� )-6,7-secoagroclavine (1a), six additional
steps were needed: 1) reduction of the nitro functionality in the
presence of Zn� AcOH; 2) N-Boc protection; 3) N-methylation; 4)
reaction with MeLi to furnish the tertiary alcohol; 5) dehydration
and N-Boc deprotection using triflic acid; and 6) tosyl depro-
tection with Mg in MeOH (Figure 2c). Nearly all of the previous
racemic and asymmetric synthetic pathways share a common
scheme, which involves the construction of the tricyclic ring
system by the intentional intramolecular alkylation cyclization
at the α-position of the nitro group promoted by a Brønsted
and/or Lewis acid. These syntheses afforded the desired
product, but intensive functional group manipulations consist-
ing of many classical synthetic procedures were indispensable
to arrange the key nitro intermediate and the following
reactions to provide the natural product.

To explore innovative synthetic strategies permitted by the
development of novel methods as well as new biological
applications, we have recently established a program for the
concise asymmetric total synthesis of clavine alkaloids, includ-

ing (R)-4-amino Uhle’s ketone, an enantiopure tricyclic frame-
work shared by most of these alkaloids.[7] Motivated by our
group’s achievements in the field of preparation, reactivity, and
related cross-coupling Csp2� Csp3 bond-forming reactions of
boronic compounds,[8] we set out to develop a straightforward,
convergent, and strategically distinct approach to 1a, compared
to past asymmetric reports. The combination of D-tryptophan-
derived N-carbamoyl (R)-4-amino Uhle’s ketone 2[9] and iso-
butenyl boronic acid provides the necessary skeletal features of
(� )-6,7-secoagroclavine (1a) (Figure 2d), while the stereochem-
ical details can arise from the selectivities of the reactions
involved.

We envisioned a regio- and diastereoselective metal-free
Barluenga-Valdés cross-coupling reaction[10] between enantio-
pure sulfonylhydrazone 3 of the α-amino ketone derivative 2
and commercially available 2,2-dimethylethenylboronic acid to
introduce the remaining four carbons of the pendant uncon-
jugated trisubstituted olefinic chain. As the required tosylhy-
drazone is easily generated from the carbonyl compound, it can
be seen as a reductive alkenylation coupling of Uhle’s ketone, a
process of high synthetic relevance requiring several steps
using other methodologies. The sensitive α-chiral ketone, N-Boc
tricyclic Uhle’s ketone 2, is accessible through a known four-
step sequence from inexpensive D-serine, as reported by us
recently.[7c] Furthermore, while the use of an N-protecting group
is deemed necessary for the stability of this cyclic α-amino
ketone, we chose simple tert-butyl carbamate, which can be
readily reduced to the corresponding N-methyl species present
in (� )-6,7-secoagroclavine (1a), further increasing the step
economy of our approach.

We herein wish to report the successful realization of the
above-outlined design.

Results and Discussion

To initiate our investigation, we needed to prepare sulfonylhy-
drazone-derived 3 from cyclic ketone 2. In our initial study, 4-
methylbenzenesulfonohydrazide (TsNHNH2) was selected to test
the tosylhydrazone formation of 2. The tosylhydrazone syn-
thesis constituted the critical step for the enantioselectivity of
the overall synthetic procedure since chiral (endo)cyclic α-
amino ketone 2 undergoes facile keto-enol tautomerization,
base-mediated racemization, and irreversible isomerization to
the more stable naphthalenoid structure than that of indole.[11]

In addition, according to its structure, compound 2 is a
vinylogous acid amide that significantly contributes to the low
reactivity of the carbonyl moiety towards ordinary neutral
nucleophiles; therefore, more stringent reaction conditions are
required. As shown in Table 1, six solvents (CH3CN, CH3OH,
EtOAc, toluene, CHCl3, and dioxane) were tested at room
temperature for 40 h, and CHCl3 afforded the highest yield
(Table 1, entry 5). Next, with CHCl3 as the solvent, we inves-
tigated the effect of the reaction temperature. It was found that
the yield increased significantly when the reactants were
refluxed in CHCl3 for 6 h (Table 1, entry 7). In refluxing CHCl3
without the presence of an acid or base catalyst, tosylhydrazone

Figure 2. Synthesis of (� )-6,7-secoagroclavine (1a) (a, b, c=previous work,
d= this work).
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3 was obtained in excellent yield as a single stereoisomer and,
even more important, with a specific optical rotation of [α]D 25=

� 115 (c=0.1, CHCl3).
The optical purity of 3 was determined to be greater than

99% by HPLC and NMR diastereomeric analysis of the Mosher
amide obtained by the reduction of tosylhydrazone 3 to the
expected indolylalkane 4 in high yield (92%) using NaBH3CN/
ZnCl2, followed by acidic cleavage of the N-Boc protecting
group and amidation with Mosher’s acid chloride (Scheme 1).[12]

The low basicity and high nucleophilicity features of the
hydrazine reagent were indispensable to performing the
enantioretentive condensation reaction of the reluctant and
highly sensitive Uhle’s ketone derivative 2, even in the presence
of two relatively acidic NH groups. Notably, enantiopure
compound 5 has been recently studied as a simplified and
potentially safer derivative of ergoline compounds, which can
be useful to gain further insight into the features necessary for
the activity and selectivity of the serotonin 5-HT2A receptor
agonism important for promoting neural plasticity and increas-
ing the dendritic spine density of neuronal cells.[13]

Having established suitable conditions for the N-tosylhydra-
zone reaction, we turned our attention to investigating its
reaction with 2,2-dimethylethenylboronic acid, an alkenyl
boronic acid, to develop reaction conditions that might lead to
a single regioisomer of the reductive alkenylation derivative.
Indeed, it has been reported that this type of reaction proceeds
very efficiently with aryl and alkylboronic acids,[14] whereas

reactions with alkenylboronic acids provide more ambiguous
results because of the formation of a mixture of isomers arising
from the position of the double bond, which depends on the
nature of both coupling partners.[15]

We observed that the formation of 7a occurred in the
presence of various bases (Table 2). Remarkably, the reactions
proceeded simply by heating both reagents in dioxane in the
presence of a base, and only the correct alkene regioisomer (no
borotropic rearrangement), with the double bond in the
original position, was observed.[15] After screening several
reaction conditions and bases, the optimal conditions for the
C� C bond-forming reaction were identified as dioxane at
110 °C, with inexpensive KOtBu as the base (Table 2, entry 3).
The reaction also occurred with Cs2CO3, NaH and CsF, with
similar yields but with a switching of diastereoselectivity
(Table 2, entries 2 and 4,5). The reaction proceeded at a lower
temperature (Table 2, entry 6), but with a substantial decrease
in the percentage conversion. To facilitate the purification
process, we found that the addition of a large excess of boronic
acid (3–5 equivalents) led to complete consumption of the
starting material and avoided the formation of side products.
However, the mixture of diastereoisomers (~1 :1) was insepa-
rable, despite testing different eluents and combinations.

Table 1. Synthesis of tosylhydrazone 3a.

Entry Solvent Temperature (°C) Time (h) Yield (%)b

1 CH3CN RT 40 22

2 CH3OH RT 40 15

3 EtOAc RT 40 24

4 toluene RT 40 12

5 CHCl3 RT 40 43

6 dioxane RT 40 31

7 CHCl3 65 6 90

[a] Reaction conditions: 2 (0.2 mmol), TsNHNH2 (0.26 mmol), solvent
(0.07 M). [b] Isolated yields.

Scheme 1. Synthesis of the Mosher amide (6).

Table 2. Optimization of metal-free reductive coupling.[a]

Entry Solvent Base
(equiv)

T
(°C)

Yield[b](%) d.r.
(trans:
cis)[c]

1 1,4-dioxane K2CO3 110 NR –

2 1,4-dioxane Cs2CO3 110 40 1 :2

3 1,4-dioxane KOtBu 110 40 1.6 : 1

4 1,4-dioxane NaH 110 31 1 :3

5 1,4-dioxane CsF 110 36 1 :2.5

6 1,4-dioxane KOtBu 70 22 1 :1

7 clorobenzene KOtBu 120 15 1.6 : 1

9 trifluoromethyl
benzene

KOtBu 120 47 1 :1.7

10 CF3CH2OH KOtBu 120 NR –

11 THF KOtBu 70 43 1 :1.4

12 DME KOtBu 110 30 1 :1.3

13[d,e] 1,4-dioxane KOtBu 160 50 1 :1.8

14[d,f] 1,4-dioxane KOtBu 160 60 1 :1

15[d,g] 1,4-dioxane KOtBu 160 88 (65)h 1 : 1

16[d,g,i] 1,4-dioxane KOtBu 160 50 1 :1

[a] Reaction conditions: 3 (0.1 mmol), boronic acid (0.5 mmol), base
(0.3 mmol), solvent (0.05 M) for 16 h. [b] Yields were determined by 1H
NMR with 1,3,5-trimethoxybenzene as the internal standard. [c] The
diastereomeric ratio was determined by 1H NMR of the crude product. [d]
The reaction was performed under microwave irradiation. [e] 1 h. [f]
20 min. [g] 5 min. [h] Isolated yield. [i] 0.3 mmol of boronic acid was used.
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During the study, we found that the use of microwave heating
under similar reaction conditions (KOtBu, 1,4-dioxane) not only
dramatically reduced the reaction time (16 h to 5 min) (Table 2,
entry 15) but also increased the yield.

As depicted in Figure 3, the proposed mechanism for this
reaction comprises the following steps: 1) thermolysis of the
tosylhydrazone in the presence of a base to form the diazo
compounds II and III; 2) formation of the boronate intermedi-
ates IV and V by the interaction of the boronic acid with the
diazo compound; 3) Csp3� Csp2 bond formation by migration of
the dimethylvinyl group with the loss of nitrogen to give the
sterically hindered benzylic-allylic boronic acids 7a,b; and 4)
Csp3� H bond formation via protodeboronation to give the final
allyl-substituted arene. Very poor diastereoselectivity was
observed in the reactions with different solvents, bases, and
reaction conditions (see Table 2). This is quite surprising
considering the asynchronous concerted transition state that
leads to the intermediate allyl-benzylboronic acid, which is
notoriously favored through an equatorial trajectory.[15b]

The rationale for the poor stereoselectivity observed is
based on the following assumptions: 1) the approach of the
boronic acid to the diazocyclohexane on its most stable chair
conformation through an equatorial trajectory; and 2) the
presence of a mixture of the two chair conformations II (the
NHCOOtBu substituent is pseudoequatorial) and III (the
NHCOOtBu substituent is pseudoaxial) inverting rapidly at the
reaction temperature. Likely, there is no a preferred stable
conformation among II and III that can be ascribed to the

absence of 1,3-diaxial interactions of the NHCOOtBu group with
the pseudoaxial hydrogens.

At this point, we decided to subject the inseparable
diastereomeric mixture of carbamates 7a,b to reduction
conditions, with the intent to obtain polar, separable secondary
amines (Scheme 2). As mentioned previously, full reduction of
the carbamate functionality with LiAlH4 gave rise to N-
methylated products that turned out, after separation, to be the
natural trans product (� )-6,7-secoagroclavine (1a) and (+)-5-
epi-6,7-secogroclavine (1b). Importantly, all 1H and 13C NMR
spectra and mass spectra of 1a and 1b were in excellent
agreement with those reported by Somei and co-workers.[5d]

The optical rotations of 1a and 1b (1a: [α]D25= � 121 (c=0.05,
EtOH) and 1b: [α]D25= +130 (c=0.05, EtOH)) in this work,
however, differed only in magnitude from their reported values
(1a: [α]D25= � 121 (c=0.05, EtOH); Lit. [α]D25= � 212.6 (c=0.35,
EtOH) and 1b: [α]D25= +130 (c=0.05, EtOH); Lit. [α]D 25=

+211.3 (c=0.35, EtOH)). The enantiomeric ratio (er) of 1a,b
was estimated to be approximately 4 :1 by comparing the
empirical and literature optical rotation values. Diastereomeric
analysis of separated (� )-6,7-secoagroclavine (1a) and (+)-5-
epi-6,7-secogroclavine (1b) transformed to amides with
Mosher’s acid chloride corroborated these chiral ratios. This
finding is quite surprising since it has been elegantly reported
that the formation of the N-tosyl hydrazone prevents epimeriza-
tion at the α-center in configurationally unstable α-chiral
ketones, such as 2, under similar reductive coupling reaction
conditions.[16]

Unfortunately, reinvestigation of solvent, base equivalents,
and concentration effects did not ameliorate this issue.[15]

Alternatively, and more likely, the discrepancy reflects the fact
that 6,7-secoagroclavine proved to be unstable in long-term
storage. Nonetheless, it can be purified as a single diastereomer
with silica gel chromatography. The reaction between tosylhy-
drazone 3 and 2,2-dimethylethenylboronic acid could be
performed at 1 mmol scale without issue.

Conclusions

In summary, we have accomplished a novel, convergent, and
asymmetric total synthesis of the natural product (� )-6,7-
secoagroclavine (1a) and its unnatural epimer (1b) through the
powerful reductive alkenylation of enantiopure 4-amino
carbamate-protected Uhle’s ketone (2), by its tosyl hydrazone
(3), utilizing 2,2-dimethylethenylboronic acid as a C4 synthon.
From a synthetic point of view, the innovative approach
introduced herein represents a very powerful tool for the

Figure 3. Proposed mechanism for metal-free reductive coupling.
Scheme 2. Synthesis of (� )-6,7-secoagroclavine and (+)-5-epi-6,7-secoagro-
clavine (1a,b).
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modification of reluctant and sensitive chiral α-amino Uhle’s
ketones with the simultaneous and regioselective formation of
Csp2� Csp3 and Csp3� H bonds from the benzylic ketone group
and giving rise to two adjacent stereocenters. This new
procedure offers significant advantages over previous synthetic
approaches for (� )-6,7-secoagroclavine (1a), the key intermedi-
ate in the synthesis of both secoergolines and ergoline clavines,
embracing brevity, convergency, and modularity as well as
avoiding the use of stoichiometric amounts of strongly basic/
organometallic reagents. The application of this chemistry to
the synthesis of other clavines, not available in nature, is
underway.
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