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Abstract

To illustrate the synthetic significance of C–C activation methods, here we describe an efficient 

strategy for the enantioselective total syntheses of (−)-cycloclavine and (−)-5-epi-cycloclavine, 

which is enabled by an asymmetric Rh-catalyzed “cut-and-sew” transformation between 

benzocyclobutenones and olefins. Despite the compact structure of cycloclavine with five-fused 

rings, the total synthesis was accomplished in 10 steps with a 30% overall yield. Key features of 

the synthesis include (1) a Pd-catalyzed tandem C–N bond coupling/allylic alkylation sequence to 

construct the nitrogen-tethered benzocyclobutenone, (2) a highly enantioselective Rh-catalyzed 

carboacylation of alkenes to forge the indoline-fused tricyclic structure, and (3) a 

diastereoselective cyclopropanation for preparing the tetrasubstituted cyclopropane ring. Notably, 

an improved catalytic condition has been developed for the nitrogen-tethered cut-and-sew 

transformation, which uses a low catalyst loading and allows for a broad substrate scope with high 

enantioselectivity (94–99% e.e.). The C–C activation-based strategy employed here is anticipated 

to have further implications for syntheses of other natural products that contain complex fused or 

bridged rings.
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1. INTRODUCTION

Transition metal (TM) catalyzed carbon–carbon bond (C–C) activation has emerged as a 

rapidly growing field.1 In particular, it allows for new strategic bond disconnection, often 

leading to more complex structures. However, beyond intriguing trans-formations, synthetic 

utility of these new C–C activation methods remains underdeveloped. Arguably, one of the 

most attractive ways to examine the efficacy and scope of new synthetic methods is to use 

them in the context of complex molecule syntheses. To date, only a handful of examples 

have been reported on using C–C activation as the key step in total synthesis,2 and even 

fewer, in the asymmetric synthesis of natural products.2h As an ongoing research interest, 

our laboratory has been engaged in developing a so-called “cut- and-sew” strategy for 

constructing bridged and fused rings through intramolecular insertion of an unsaturated unit 

into the α C–C bond of a cyclic ketone (Figure 1).1q,3 In this article, we hope to describe a 

complete story on the concise total synthesis of indole alkaloid (–)-cycloclavine and its 

unnatural analogue enabled by a highly enantioselective cut- and-sew transformation4–6 with 

nitrogen-tethered benzocyclobutenones and olefins.

As an indole alkaloid, cycloclavine was first isolated from the seeds of Ipomoea 
hildebrandtii by Hofmann and co-workers in 19697 and later from Aspergillus japonicas in 

1982 (Figure 2).8 It represents the only member in the ergot alkaloid family that contains a 

cyclopropane ring. During the past decade, ergot alkaloids have attracted significant 

attention of synthetic chemists due to their striking polycyclic fused scaffolds as well as a 

broad spectrum of biological activities for potential pharmaceutical and agrichemical 

applications.9 While the full biological profile of cycloclavine remains to be disclosed, a 

recent study showed that cycloclavine exhibits promising insecticidal and antiparasitic 

properties.10

Distinct from other members in the ergot alkaloids family, cycloclavine possesses a penta-

cyclic core with a unique [3.1.0] structural motif.9k The sterically congested cyclopropane 

ring along with three contiguous stereogenic centers including two adjacent quaternary 

carbons presents a considerable challenge for asymmetric total synthesis. The first total 

synthesis of (±)-cycloclavine was described in 2008 by Száantay.11 In this seminal work, the 

[3.1.0] fused ring was constructed in the late stage through cyclopropanation of the 

tetrasubstituted olefin (Scheme 1a), which unfortunately gave only 18% yield (32% based on 

recovered starting material) likely owing to the steric hindrance of the olefin as well as the 

presence of nucleophilic indole and pyrrolidine moieties in the substrate. Subsequently, a 

number of formal syntheses of cycloclavine have been reported utilizing such a late-stage 

cyclopropanation strategy.12 In contrast, a unique and elegant approach was developed by 

Wipf in 2011, in which cyclopropane was introduced at the very beginning of the synthesis 

followed by two intramolecular Diels–Alder cycloaddition to furnish the fused 6–5–6–5 ring 

systems (Scheme 1b).13 In 2017, the Wipf group reported the first asymmetric total 

synthesis of (−)-cycloclavine.14 Despite the high novelty and step-efficiency of the synthetic 

route, the moderate enantioselectivity initially obtained from the asymmetric 

cyclopropanation step and a low overall yield still leave room for developing an alternative 

enantioselective synthesis of cycloclavine.
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From a retrosynthetic viewpoint (Scheme 2), we envisioned that the pyrrolidine D ring could 

be installed in the end through an intramolecular reductive amination, and the 

tetrasubstituted cyclopropane E ring could be constructed via a diastereoselective 

cyclopropanation between a less bulky 1,1- disubstituted olefin (4) with aryl α-diazoketone 

3. The indoline-fused tricycle (A/B/C rings) in intermediate 3 is expected to be synthesized 

from an enantioselective nitrogen-tethered cut-and-sew reaction via C–C activation of 

benzocyclobutenone 5, which could be conveniently prepared from the known aryl triflate 

(6).15

2. RESULTS AND DISCUSSION

2.1. Rh-Catalyzed Enantioselective Cut-and-Sew Re-actions to Construct Fused 
Indolines.

To explore the proposed synthetic strategy, the key cut-and-sew reaction was investigated 

first. In 2012, we reported a highly enantioselective Rh-catalyzed carboacylation of olefins 

through cleavage of benzocyclobutenone C–C σ-bonds.5a This reaction is atom-economical 

and operates under pH- and redox-neutral conditions. While a range of substrates have been 

demonstrated in this preliminary report, including different substitution patterns on 

benzocyclobutenones and olefins, the tethering structure has nevertheless been largely 

restricted to a more flexible oxygen linker.3,5a,f Thus, to enable the synthesis of 

cycloclavine, the key questions are (1) whether high efficiency and enantioselectivity could 

be obtained for the cut-and-sew reaction of a more rigid nitrogen-tethered substrate (Scheme 

3) and (2) whether a rapid and efficient route could be established for preparing such 

nitrogen-substituted benzocyclobutenones.

In a forward manner, following a reported procedure by Hosoya,15 the ketal-protected OTf-

substituted benzocyclo-butenone (6) was prepared in an excellent overall yield from 

commercially available 2-iodoresorcinol through a sequence of triflation and benzyne-

mediated [2 + 2] cycloaddition (Scheme 4). Attempts to directly couple Boc-protected 

allylamine with triflate 6 were unfruitful likely owing to the steric hindrance of both 

substrates. However, a Pd-catalyzed C–N bond coupling16 between triflate 6 and tert-butyl 

carbamate, followed by an allylic alkylation catalyzed by the same Pd species and then 

acidic workup, provided the nitrogen–tethered benzocyclobutenone (5) in an excellent yield. 

Hence, this three-step route offers a rapid and high-yielding entry to substrate 5 for the 

subsequent C–C activation, which otherwise would take around 6 steps using the prior 

preparation routes.3,17

With substrate 5 in hand, the key cut-and-sew reaction was explored (Table 1). 

Unsurprisingly, under the previous optimal (racemic3 and asymmetric5a) conditions for the 

ether-linked substrates, the desired tricycle product was only obtained in low yields (entries 

1 and 2) and moderate enantioselectivity (entry 2). We hypothesized that the reduced 

reactivity was likely due to the increased bulkiness and rigidity of the nitrogen linkage, thus 

use of a less bulky and more electrondeficient Rh catalyst might enhance the binding with 

the olefin moiety thereby promoting the subsequent 2π insertion. Indeed, the combination of 

a monodentate phosphine ligand, i.e. PMe2Ph, with π-acidic [Rh(CO)2Cl]2 afforded 

indoline product 8 in an excellent yield (entry 3). Interestingly, [Rh(CO)2Cl]2 as a 
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precatalyst alone still gave 49% yield (entry 4). However, developing enantioselective 

transformations based on the [Rh(CO)2Cl]2 system proved to be challenging due to the 

limitation of using monodentate electron-rich ligands. On the other hand, while a promising 

level of enantioselectivity could be achieved using chloro-Rh(I)/olefin precatalysts, the yield 

was difficult to improve (entries 5–7). Finally, we turned our attention to cationic Rh(I) 

precatalysts, because the olefin coordination would likely be enhanced due to the cationic 

nature of the metal. To our delight, using Rh(nbd)2BF4 and DTBM-segphos as the metal/

ligand combination, 61% yield and 97.5% e.e. were achieved (entry 8). The Rh(cod)2BF4 

was found to be more reactive than Rh(nbd)2BF4, and a 95% yield was reached at a lower 

reaction temperature (90 °C) with the same e.e. (entry 10); in contrast, at 120 °C significant 

catalyst decomposition was observed leading to a much lower yield (entry 9). Remarkably, 

with this new catalyst system, the catalyst loading and reaction time could be further 

reduced. For example, using 3 mol % Rh, tricycle 8 was isolated in 95% yield and 97.5% 

e.e. in 12 h on a 2.0 mmol scale. Comparing with our first-generation conditions for the 

ether-linked benzocyclobutenones, the current one shows several advantages: first, the 

reaction temperature is significantly lower (90 vs 130 °C); second, the loading of the 

rhodium catalyst could be reduced to 3 mol % (previously, 10 mol %); and finally, the 

reaction is much faster (12 vs 48 h).

2.2. Substrate Scope for the Rh-Catalyzed Synthesis of Tricyclic Indolines via C–C 
Activation.

After obtaining the optimal conditions for the Rh-catalyzed carboacylation of olefins with 

nitrogen-tethered benzocyclobutenones, the substrate scope was further investigated (Table 

2). First, alkyl substituents on the olefin with various steric properties all underwent the 

desired carboacylation reaction giving excellent enantioselectivity (≥97% e.e., entries 1–4). 

It is not surprising that with increased bulkiness around the olefin, the yield of the reaction 

slightly decreased from methyl to cyclopentyl to isopropyl, while the enantioselectivity 

remained the same. Given the pH and redox-neutral reaction conditions, the TBS-protected 

primary alcohol is well tolerated (entry 4). Both electron-rich and -poor aryl substituents are 

compatible, giving good yields and excellent enantioselectivity (entries 5–7). In addition, C5 

and C6-substituted benzocyclobutenones are competent substrates (entries 8 and 9). 

Furthermore, besides the Boc moiety, other protecting groups at the nitrogen, such as acyl or 

tosyl group, are also suitable for this reaction, providing products in 80–91% yields and 99% 

e.e. (entries 10–12). Gratifyingly, the more challenging substrates that contain 1,2-

disubstituted and trisubstituted olefins underwent the desired carboacylation efficiently with 

excellent e.e.s (entries 13 and 14).

In summary, the improved catalytic conditions show a general feature for the nitrogen-

tethered substrates, giving high yields and excellent enantioselectivity. The reaction 

conditions do not contain strong acids/bases or stoichiometric oxidants/reductants, which 

could be the key for the good functional group tolerance. Thus, this method is expected to be 

useful for enantioselective synthesis of various indole or indoline-containing complex target 

molecules.
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2.3. Rh-Catalyzed Diastereoselective Cyclopropanation.

With a reliable route to access key intermediate 8, we continued to explore the forward 

synthesis of (−)-cycloclavine. First, the diazo-transfer reaction proceeded smoothly to afford 

compound 3 in 92% yield (Scheme 5). Clearly, the next formidable challenge is to construct 

the tetra-substituted cyclopropane E ring in an efficient and diastereoselective fashion. While 

cyclopropanation with donor–acceptor carbenoids, pioneered by the Davies group,18 has 

been extensively developed, the use of ketone-derived diazo compounds is less common 

compared to the widely used ester-derived ones.19 In particular, the α-diazoketone-based 

cyclopropanation with 1,1-disubstituted olefins for constructing tetrasubstituted 

cyclopropanes diastereoselectively remains elusive.

One potential side reaction with α-diazoketones could be the Wolff rearrangement,20 which 

would possibly lead to ring contraction. However, given the low temperature operated by the 

dirhodium-catalyzed cyclopropanation reaction, the Wolff rearrangement could likely be 

avoided. Thus, the reactions with racemic α-diazoketone 3 were tested initially under 

various dinuclear Rh(II)-catalyzed cyclopropanation conditions (entries 1–4, Table 3). 

Davies’ DOSP catalyst21 was found to give higher reactivity than other commercially 

available Rh(II) catalysts. While the use of protected allyl amine 4a could indeed provide the 

desired cyclopropane product 9a, the efficiency was not satisfying, likely owing to the 

bulkiness or chelating effect of the carbamate moiety. Hence, less sterically hindered 2-

methylallyl chloride (4b) was then employed as the olefin substrate. To our delight, 4b 
exhibited significantly enhanced reactivity and could even yield the desired cyclopropane 

product 9b at −60 °C using Rh2(R-DOSP)4 as the catalyst (entry 5). After a further survey of 

the reaction temperature and solvent (entries 6–8), −40 °C and hexane/toluene as a mixed 

solvent proved to be more efficient; cyclopropane 9b could be isolated in 78–80% yield, and 

~6:1 d.r. favoring the desired diastereomer with either enantiopure or racemic catalyst 

(entries 7 and 8). It is noteworthy that both diastereomers are easily separable, and the 

relative stereo-chemistry of the major diastereomer (9b) was confirmed by X-ray 

crystallography (Figure 3).

The optimal reaction conditions have also been applied to compound 3 with 97.5% e.e. 

using 1 mol % Rh2(R-DOSP)4 as the catalyst (entry 9). On a larger scale the desired product 

9b was still isolated in 85% yield with satisfactory diastereoselectivity. Interestingly, use of 

the other enantiomer of the Rh catalyst, i.e. Rh2(S-DOSP)4, gave diminished 

diastereoselectivity, suggesting a mismatched situation (entry 10). Given that both 

enantiomers of the Rh catalysts gave the same major diastereomer of the product, this 

indicates that the diastereoselectivity was majorly controlled by the substrate. Finally, as a 

control experiment, the achiral Du Bois’ Rh2(esp)2
22 catalyst was also found to be effective 

under the optimized conditions (entry 11), though the yield was lower than the DOSP one.

A plausible model has been proposed to explain the observed diastereoselectivity (Figure 4). 

According to Davies’ model on the cyclopropanation with donor–acceptor carbenoids,23 the 

aryl group is generally considered as a larger group and the acceptor part is considered as a 

smaller group. Thus, we rationalized that during the transition state for the cyclopropanation, 

first, the olefin would approach to the less bulky convex face of the tricycle; second, the 
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smaller methyl substituent of the olefin would prefer to stay at the more sterically hindered 

side (the aryl side) of the carbenoid and the bulkier chloromethyl group of the olefin would 

favor the less sterically hindered side (the ketone side). The minor diastereomer likely comes 

from the other olefin orientation relative to the carbenoid due to the moderate steric 

difference between methyl and chloromethyl groups.

2.4. End Game.

The stage is now set for closing of the last D ring. An SN2 reaction between alkyl chloride 

9b and sodium azide went smoothly to deliver azido compound 10 in an excellent yield 

(Scheme 6). The subsequent one-pot aza-Wittig, imine reduction and reductive amination 

sequence24 furnished the pyrrolidine ring and N-methyl substitution in a high overall 

efficiency and complete diastereoselectivity. However, the C5 stereocenter was found to be 

opposite from the one of natural cycloclavine (1). Nevertheless, removal of the Boc 

protecting group with TFA, followed by a seleniummediated dehydrogenation,25 

accomplished the synthesis of (−)-5-epi-cycloclavine (12), which spectroscopically matched 

the one reported by Wipf and co-workers.13 It is noteworthy that indole was added as a 

scavenger to avoid oxidative decomposition of product 12 formed.25c

We postulated that the undesired diastereoselectivity during the imine reduction step is likely 

influenced by the remote C3 stereocenter. As depicted from the X-ray crystal structure 

(Figure 3) of 9b, the cyclohexanone C ring is highly twisted, which forces the C8 quaternary 

center pointing to the same face as the C3 hydrogen. Thus, we hypothesized that removing 

the C3 stereocenter might significantly alter the conformation of the imine intermediate, 

thereby providing a different stereochemical outcome for the reduction. To test this 

hypothesis, the indoline moiety in azide 10 was converted to a flat indole structural motif 

through Boc-deprotection and then dehydrogenation (Scheme 7). Using indole 2 as the 

substrate, to our delight, the same aza-Wittig reduction/reductive amination sequence indeed 

provided (−)-cycloclavine in 78% yield as a single diastereomer, which is spectroscopically 

identical to the natural sample but with opposite specific rotation sign.7,14

3. CONCLUSION

In summary, a concise enantioselective total synthesis of (−)-cycloclavine has been 

accomplished in 10 steps with 30% overall yield (Scheme 8). The high efficiency of the 

synthetic strategy is enabled by a number of transition metal-catalyzed transformations. 

First, a Pd-catalyzed tandem C–N bond coupling/allylic alkylation offers a rapid and high-

yielding route to access nitrogen-tethered benzocyclobutenone substrates. Second, an 

asymmetric Rh-catalyzed cut-and-sew reaction has been employed to build the fused A/B/C 

core structure in a highly enantioselective manner. Third, a diastereoselective Rh-catalyzed 

cyclopropanation between α-diazoketone and 1,1-substituted olefin effectively constructs 

two adjacent quaternary centers, which addresses the “late-stage cyclopropanation 

challenge” in cycloclavine synthesis. In particular, the C–C activation method has played a 

central role in this total synthesis, which could have further implications beyond this work. It 

is anticipated that the simple cut-and-sew methods may inspire future development of new 
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strategic bond disconnections for the syntheses of other natural products and bioactive 

compounds that contain complex bridged or fused rings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
“Cut-and-sew” approach for bridged and fused ring synthesis.
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Figure 2. 
Structures of representative ergot alkaloids.
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Figure 3. 
X-ray structures of compound 9b (racemic).
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Figure 4. 
Stereochemical model for the cyclopropanation step.
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Scheme 1. 
Prior Strategies towards Total Synthesis of Cycloclavine
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Scheme 2. 
Retrosynthetic Analysis for the Synthesis of (−)-Cycloclavine: A C–C Activation Strategy
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Scheme 3. 
Cut-and-Sew Reaction with Nitrogen-Tethered Substrates
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Scheme 4. 
Synthesis of the Nitrogen-Tethered Benzocyclobutenone Substrate
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Scheme 5. 
Synthesis of Compound 3 as the Substrate for Cyclopropanation
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Scheme 6. 
Synthesis of (−)-5-epi-Cycloclavine
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Scheme 7. 
Total Synthesis of (−)-Cycloclavine
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Scheme 8. 
Summary of the Synthetic Route
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Table 3.

Selected Condition Optimization for the Cyclopropanation Step
a

entry X catalyst (l mol %) T[°C] Yield
b

d.r.
b

1 MeNBoc Rh2(OAc)4 40 <10% N/D

2 MeNBoc Rh2(esp)2 r.t. trace N/D

3 MeNBoc Rh2(R-DOSP)4 r.t. 25% N/D

4 MeNBoc Rh2(R-DOSP)4 −40 trace N/D

5 Cl Rh2(R-DOSP)4 −60 27% 5:1

6 Cl Rh2(R-DOSP)4 −40 45% 6:1

7
c Cl Rh2(R-DOSP)4 −40 80% 5.9:1

8
c,d Cl Rh2(R/S-DOSP)4 −40 78% 5.8:1

9
c,e,f Cl Rh2(R-DOSP)4 −40 85% 5.8:1

10
c,e Cl Rh2(S-DOSP)4 −40 52% 4.3:1

11
c,e Cl Rh2(esp)2 −40 67% 6.3:1

a
Unless otherwise mentioned, the reaction was run on a 0.1 mmol scale at specified temperature for 6 h using racemic compound 3; a solution of 

compound 3 was added to the stirring solution of catalyst and 4a or 4b with a speed of 2 mL/h.

b
Yield and d.r. were determined based on isolated compounds.

c
Using hexane/toluene (10:1) as a mixed solvent.

d
0.5 mol % of Rh2(R-DOSP)4 and 0.5 mol % of Rh2(S-DOSP)4 were mixed to provide the racemic catalyst.

e
Starting material 3 was prepared from compound 8 with 97.5% e.e..

f
Reaction was run on a 0.7 mmol scale.
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