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A catalytic process enables efficient and 
programmable access to precisely altered 
indole alkaloid scaffolds

Youming Huang1,2,6, Xinghan Li1,2,6, Binh Khanh Mai    3,6, Emily J. Tonogai4, 
Amanda J. Smith    4, Paul J. Hergenrother    4,5  , Peng Liu    3    
& Amir H. Hoveyda    1,2 

A compound’s overall contour impacts its ability to elicit biological 
response, rendering access to distinctly shaped molecules desirable.  
A natural product’s framework can be modified, but only if it is abundant 
and contains suitably modifiable functional groups. Here we introduce 
a programmable strategy for concise synthesis of precisely altered 
scaffolds of scarce bridged polycyclic alkaloids. Central to our approach 
is a scalable catalytic multi-component process that delivers diastereo- 
and enantiomerically enriched tertiary homoallylic alcohols bearing 
differentiable alkenyl moieties. We used one product to launch progressively 
divergent syntheses of a naturally occurring alkaloid and its precisely 
expanded, contracted and/or distorted framework analogues (average 
number of steps/scaffold of seven). In vitro testing showed that a skeleton 
expanded by one methylene in two regions is cytotoxic against four types of 
cancer cell line. Mechanistic and computational studies offer an account for 
several unanticipated selectivity trends.

Lead discovery is expedited when distinct compound arrays can be evalu-
ated, placing the burden on the art of small molecule synthesis (molecular 
weight ≤1,000 g mol−1)1. Based on the premise that an even mildly bio-
active natural product (NP) may be viewed as a pre-validated starting 
point2, methods3 have been introduced for their functional group and/
or stereochemical alterations. These strategies are applicable, however, 
if a NP is available in sufficient quantities and contains a suitably reactive 
functional group4. In contrast, schemes designed for making precisely 
altered scaffolds accessible are uncommon5, and those that are available 
typically generate analogues that contain multiple modifications (ste-
reochemical, functional and constitutional). In this Article, we present 
a strategy to address this shortcoming for a key class of bioactive NPs.

The principal aim of these investigations was to find ways of 
efficiently synthesising skeletally diverse indole alkaloids (Fig. 1a). 

Related collections have been prepared, but the analogues were 
either differentiated by multiple changes, most stereochemical or 
functional group variations6, or were also marked by peripheral and 
constitutional (bond connectivity) adjustments7. We had several 
reasons to concentrate on these compounds. These were as follows: 
(1) the bridged bicyclic amine scaffold can be found in myriad NPs8. 
While some display different types of bioactivity (for example, peri-
cine is an analgesic/cytotoxic agent and (+)-16-hydroxy-16,22-dihy-
droapparicine9 is anti-malarial10), little is known about others (such as 
curan11 and isobrafuedin12). (2) Many indole alkaloids can be obtained 
in only minute amounts, making their laboratory synthesis impera-
tive. (3) Most alkaloid frameworks are devoid of a functional group 
that can be used for scaffold alteration, especially if the modifications 
are not to alter stereochemistrical identity. One possibility is oxidative 
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it should also be defined by the number and diversity of the targeted 
collection as well as the efficiency, precision and selectivity with which 
it is assembled. The only reported enantioselective synthesis of NP 
consists of a longest linear sequence (LLS) of 23 steps16. The route can 
be used to access serviceable quantities of the molecule (5% overall 
yield). Nevertheless, the sequence lacks a suitable diversification point 
and therefore does not lend itself to efficient preparation of precisely 
altered scaffolds. For each skeletal variant a new scheme would have 
to be re-negotiated.

Our idea was that a multifunctional homoallylic tertiary alcohol 
would be an attractive point of origin or a primary hub (1° hub; Fig. 1b). 
This densely packed fragment could be obtained through a catalytic 
diastereo- and enantioselective process involving an indole-substituted 
ketone (1a), bis(pinacolato)diboron (B2(pin)2) and a vinylallene 
(rac-2a). With a vinyl group at the allylic position and a stereochemi-
cally defined trisubstituted alkenyl–B(pin) moiety, both modifiable and 
differentiable, together with indole’s mildly nucleophilic C3, it would 
be possible to convert 1° hub to several 2° hubs. The latter compounds 
would in turn be transformed to an expanded suite of specifically outfit-
ted 3° hubs, precursors to precisely remodelled scaffolds. Through a 
network of overlapping pathways, minimizing step-count and obviat-
ing complete route repetition, NP and various skeletal analogues would 

cleavage of the trisubstituted alkene followed by a Baeyer–Villiger 
reaction to generate a ring-expanded lactone. However, as we would 
later confirm, amines preclude the use of oxidative procedures. 
Further, our intent was to implement skeletal modification with-
out incorporating additional polar groups. We favoured skeletal 
variants arising through precise insertion and/or deletion of one or 
more methylene units. Late-stage editing is unrealistic because of 
the latter factors (2 and 3). (4) There is structural diversity among 
indole alkaloid NPs. Several, represented by geissoschizoline (Fig. 1a),  
a candidate for treating Alzheimer’s disease13, feature a transannular 
linkage within their polycyclic structure. Whereas most contain an 
E-trisubstituted alkene, some have a Z isomer (for example, ervaticine; 
Fig. 1a)14. (5) There are unexplored gaps in the NP frameworks. Expan-
sion and/or contraction of different scaffold regions by one or more 
methylene units leads to distorted analogues, one being a fragment 
of vinblastine (Fig. 1a), a cancer chemotherapy agent. We concluded 
that there are probably undiscovered frameworks that could be an 
asset to drug discovery15.

We chose to focus on 16-hydroxy-16,22-dihydroapparicine (NP; 
Fig. 1a), a comparatively simple structure. Our decision was founded 
on the principle that complexity should be based on more than solely 
the intricacy of a single molecule or less than a handful of NPs. Rather, 
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Fig. 1 | Bridged polycyclic indole alkaloids, the foundational multi-
component process and its applicability. a, Alkaloids are large in number and 
exhibit different types of bioactivity. Consequently, analogues such as those 
of 16-hydroxy-16,22-dihydroapparicine arising from one- or two-methylene 
expansion, contraction or both (distortion), would be of interest. This is evident 
by a comparison with fragments found in related compounds with established 
therapeutic capabilities, such as vinblastine, showing that these scaffolds are 
linked by a combination of methylene unit expansion and/or contraction at 
different regions of their skeletons. As these NPs are available in only minute 
amounts and lack an easily modifiable site, late-stage framework editing 
strategies are not applicable. b, A multi-component catalytic diastereo- and 

enantioselective process would generate a densely functionalized product, 
or a primary hub (1° hub), containing readily alterable and differentiable 
mono-substituted olefin and a stereochemically defined trisubstituted alkenyl 
boronate. Progressively divergent conversion to 2° hubs and a larger number 
of 3° hubs can lead to precisely modified expanded, contracted or distorted 
frameworks (green dot denotes an added methylene and grey dot denotes a 
deleted methylene). The existing diastereo- and enantioselective protocols, 
catalysed by a copper complex and involving ketones, generate multifunctional 
homoallylic alcohols, but versatility can still be greater if the allylic substituent 
were to be more easily alterable and the alkenyl moiety were to have 
stereochemical identity. pin, pinacolato.
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91:9 d.r., 95:5 e.r.
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Fig. 2 | Catalyst screening and the scope of the multi-component process. 
a, Screening of different types of chiral ligand began with the copper complex 
of N-heterocyclic carbene derived from imid-1, which had formerly been 
found to be the most effective in 1,6-conjugate additions involving the same 
type of allenes, B2(pin)2 and acyclic dienoates; this reaction, while efficient and 
diastereoselective, was barely enantioselective. Similar results were obtained 
with other N-heterocyclic carbene ligands, aminophosphine with a P and N 
ligation site, as well as biaryl bisphosphines. Enantioselectivities improved 
with ferrocene-based bisphosphines, with bisphos-5 (in box) delivering the 
highest e.r. Ethyl-bridged bisphos-6 was as enantioselective as bisphos-5 but 
gave a lower ratio of E:Z isomer (readily separable). b, The catalytic multi-
component process has considerable scope, in a single step generating densely 
functionalized fragments that contain chemoselectively alterable vinyl (in 
brown) and trisubstituted alkenyl–B(pin) (in red). A range of ketone substituents 

(in blue) is tolerated, including aryl moieties that are electron-deficient (3e) or 
electron-rich (3g–3h), heteroaryl groups (4a and 4b), alkenyl units (5a–5d) and 
alkyl moieties (6a–6d). In all instances, the trisubstituted alkenyl isomers are 
readily separable; the yields shown are for the pure Z isomers. Reactions were 
performed under N2 atmosphere. Conversion to product (>98% in all cases), 
Z:E ratio and d.r. were measured by analysis of 400 MHz 1H nuclear magnetic 
resonance spectra of unpurified mixtures with diphenylmethane serving  
as the internal standard (±2%). Yield of purified product, averaged over at  
least three runs (±5%) of enantioselectivities, was determined by high-
performance liquid chromatography analysis (±1%). aWith bisphos-3; 59:41 e.r. 
with bisphos-5. bWith ent-bisphos-5; 39% yield, 80:20 d.r. with bisphos-5.  
See Supplementary Section 4 for details. THF, tetrahydrofuran; Ar, aryl group; 
TBS, tert-butyldimethylsilyl; DME, dimethoxyethane.
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be secured (expanded 1, expanded 2, double expanded, contracted, 
distorted 1 and distorted 2).

Two other considerations merit mention: (1) we were aware that 
our plans might challenge the state of the art in chemical synthesis 
and that new methods, other than the foundational catalytic process, 
might be needed. We considered this a positive attribute. (2) Vis-à-vis 
diversification, the proposed strategy represents a blend of two exist-
ing approaches: diversity-oriented synthesis (DOS)17–19 and diverted 
total synthesis (DTS)20. One type of DOS is centred on a core platform. 
In DTS, one or more intermediates, generated en route to the target 
molecule, might serve as branching points for implementing func-
tional and/or stereochemical variations that may be accompanied by 
framework alterations caused by multiple connectivity changes21,22. 
Analogous to DTS but unlike DOS, in our approach, a NP would serve as 
the parent skeleton. Neither DOS nor DTS has been used to implement 
precise scaffold alterations.

Results and discussion
A suitable catalytic multi-component process
There has been ample progress in the development of catalytic 
multi-component processes involving ketones23. This includes trans-
formations that are promoted by a Cu–B(pin) or a Cu–H complex 
and involve mono-substituted allenes24,25, enynes26 and dienes27–29 as 
organocopper precursors. However, none of the reactions affords 
products amenable to efficient alkaloid synthesis. Furthermore, we 
were far from confident about identifying conditions for the proposed 
multi-component process to proceed efficiently or diastereo- and/
or enantioselectively. The 1,3-disubstituted allenes are chiral, raising 
the question of whether they must be used in the enantiomerically 
enriched form. The only reported case pertains to 1,6-conjugate addi-
tions to α,β,γ,δ-unsaturated diesters, promoted by a N-heterocyclic 
carbene–copper complex30, where a vinylallene’s enantiomeric purity 
turned out to be inconsequential. Mechanistic studies revealed that 
the Cu–allyl species derived from regioselective addition of the  
Cu–B(pin) complex undergoes π-allyl isomerization, engendering rapid 
loss of stereochemical identity. Besides, high selectivity was shown to 
be linked to a substrate’s 1,3-dicarbonyl moiety, which, according to 
density functional theory (DFT) studies, coordinates with the available 
alkali metal salt to enhance transition state organization. We also knew 
that with ketones, based on precedent24, high regio- and stereochemical 
control would be difficult to achieve. Making matters still dicier, the 
published method was found to be confined to aryl ketones24; addi-
tions to the less reactive aliphatic variants suffered from adventitious 
enolate formation.

We first evaluated the reaction of acetophenone with rac-2b (syn-
thesized in two steps and 64% yield; Fig. 2a), and B2(pin)2 (commercially 
available) with the catalyst earlier found to be effective for the afore-
mentioned 1,6-conjugate additions30. This was the copper complex 
generated from imid-1. The transformation proceeded to comple-
tion, affording 3a in 85:15 Z:E and >98:2 diastereomeric ratio (d.r.),  
but enantioselectivity was nominal (47:53 enantiomeric ratio (e.r.)). 
Related complexes, such as that originating from imid-2, were slightly 
more discriminating (68:32 compared with 47:53 e.r.), and those gen-
erated from P,N-type ligands, such as aminophos, were only more 
Z-selective. With bisphos-1, optimal for the reactions between ketones 
and mono-substituted allenes24, 3a was generated in 83:17 Z:E and 
>98:2 d.r., albeit racemically. Reactions with bisphos-2–bisphos-5, 
which contain a triarylphosphine moiety, afforded 3a with similar 
Z selectivity and d.r. Notably, the bisphos-5–Cu-catalysed process 
afforded 3a in 92:8 e.r. (for determination of stereochemical identity, 
see Fig. 3a). With bisphos-6, the transformation was equally efficient 
and enantioselective, but the Z:E ratio was lower (see Fig. 3b and the 
related discussion regarding this finding).

By using bisphos-5, we synthesized an assortment of homoallylic 
tertiary alcohols (Fig. 2b), including those derived from aryl (3a–3j), 

heteroaryl (4a and 4b), alkenyl (5a–5d) and alkyl ketones (6a–6d), 
which were formed in 90:10–97:3 e.r.; Z:E selectivities varied from 76:24 
to 89:11 with one curious exception. Reaction of cyclohexyl-substituted 
vinylallene afforded 3c only as the Z isomer, whereas the Z:E ratio for 
the same allene with n-hexyl-substituted ketone to afford 6c was in the 
expected range (82:18 Z:E; see Fig. 6 and the corresponding discussion 
for further analysis). The alkenyl isomers were separable by silica gel 
chromatography, and the trisubstituted alkenyl boronic acids were 
isolated as pure Z isomers (>98%, 54–84% yield).

Reactions of the more sizeable aryl and heteroaryl group ketones 
afforded homoallylic alcohols in >98:2 d.r. Whereas d.r. was lower with 
alkenyl (5a–5c) and aliphatic ketones (6a–6c), diastereoselectivity was 
complete with a bulkier enone (5d). With ent-bisphos-5, we obtained 6d 
in 54% yield (pure Z isomer) and 95:5 d.r.; this represented the matched 
catalyst–substrate pairing, as with bisphos-5, the transformation was 
lower yielding and less stereoselective (80% versus >98% disappearance 
of the ketone (conv.), 39% yield (pure Z), 80:20 d.r.).

Two additional points are worth noting: (1) contrary to most 
instances when bisphos-5 was optimal, the reaction affording 
ortho-methoxyphenyl-substituted 3g was scarcely enantioselective 
(59:41 e.r.; 81% yield (pure Z), >98:2 d.r.). Further screening indicated 
that, remarkably, bisphos-3 is superior in this case: 3g was formed 
with far higher enantioselectivity (97:3 e.r.; 64% yield (pure Z), >98:2 
d.r.; see Fig. 6 and the related discussion for further analysis). Reac-
tion with ortho-fluorophenyl ketone afforded 3i and 3j in 92:8 e.r. 
when bisphos-5 was used. (2) Transformations involving the smaller 
methyl-substituted vinylallene (compared with 2b), relevant to the 
planned indole alkaloids syntheses, were efficient and selective. Con-
version of the C–B bond to a C–H bond was high yielding (see Supple-
mentary Section 5.1 for details); for example, the disubstituted alkene 
derived from 3d was isolated in 82% yield (pure Z). Functionalization 
at the alkenyl–B(OH)2 site, generating C–aryl, C–alkenyl or C–alkyl 
bonds, proceeded stereoretentively(see Supplementary Section 5.2 
for details). One example is the conversion of 3d to allylic alcohol 7a 
(Fig. 3a)31, the precursor to 7b, the X-ray structure of which confirmed 
the stereochemical identity of the products(see Supplementary Sec-
tion 4.2 for details).

Preparation of 1° hubs
To synthesize the 1° hub (Fig. 1b), we examined the reaction of 2-indolyl 
ketone 1a (purchasable), B2(pin)2 (purchasable) and vinylallene rac-2a 
(prepared in two steps, 50% yield) under the foregoing conditions 
(bisphos-5). There was no conversion after 30 h, leading us to sus-
pect that the indole NH might cause catalyst inhibition. We therefore 
switched to N-benzyl-protected derivative 1b (Fig. 3b; prepared in one 
step and 77% yield), which reacted efficiently and with complete dias-
tereoselectivity. To our surprise and disconcertment, however, the 1° 
hub was formed in 53:47 e.r. Re-examination of alternative ligands (Fig. 
2a) led us to identify a solution in the form of using bisphos-2. That is, 
the catalyst that promoted addition to acetophenone in only 80:20 e.r. 
(Fig. 2a), was, in this particular case, the most effective. These findings 
underscore the view, articulated two decades ago32, that generality 
arises from diversity. That is, the most effective catalyst in a particular 
case can be different from what is marked as ‘optimal’ based on meth-
odological studies, pointing to the importance of the availability of a 
collection of catalyst candidates—the same diversity-based logic being 
applied to drug lead discovery.

We isolated 1° hub in 80% yield, >98:2 Z:E ratio, >98:2 d.r. and 95:5 
e.r., along with the easily separable E-isomer (1° hub(E)) in 18% yield, 
>98:2 E:Z ratio, >98:2 d.r. and 88:12 e.r. Oddly, the latter two compounds 
were generated with the opposite sense of enantioselectivity compared 
with the other ketone substrates (Figs. 2 and 3a). This was equally 
unanticipated, as we did not suspect a stereochemical reversal until 
alarmed by the results of DFT studies (see Fig. 6 and the associated 
discussion). The stereochemical identity of 1° hub was verified by the 
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X-ray structure of lactone 8 (Fig. 3c), confirming the validity of the DFT 
prediction (see Supplementary Section 6.2 for further details). A more 
efficient way of obtaining 1° hub(E), relevant to preparation of Z-NP 
and the related skeletally modified analogues, would be with the less 
Z-selective bisphos-6. Under these latter conditions, 1° hub(E) was 
formed in 47% yield and 94:6 e.r.

The reactions are scalable: 3.0 g of 1b was converted to 3.6 g of 1° 
hub and 0.81 g of 1° hub(E). Transformations of 1b with other allenes 
were similarly efficient and selective, as exemplified by silyl ether 4c 
(Fig. 3d). Additions to ketones with less differentiable substituents were 
less enantioselective (4d). Such compounds may be viewed as alterna-
tive primary hubs that can be transformed to modified frameworks that 

contain peripheral/stereochemical alterations, or be made suitable for 
covalent ligation to another entity.

Divergent syntheses of 2° and 3° hubs
We converted 1° hub to 2° hub-1 and 2° hub-2 (Fig. 4a), featuring a 
one- and a two-methylene extension at the alkenyl boronic acid site, 
respectively. This was accomplished by single31 and double33 Matteson 
homologation, respectively, followed by oxidation (80% and 61% yield, 
respectively). As the first tertiary hub, we opted for a structure that, 
other than the missing indolyl linkage, was identical to NP. Conversion 
of 2° hub-1 to 3° hub-1 was effected in five steps (43% yield). After silyl 
ether formation, the compound was treated with zirconocene chloride 
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Fig. 3 | Diastereo- and enantioselective synthesis of the primary hub and 
some surprising observations along the way. a, The absolute stereochemistry 
of products of the type in Fig. 2, which bear three key exchangeable/modifiable 
moieties (aryl/heteroaryl in blue, alkenyl boronate in red and vinyl unit in brown), 
was established by X-ray crystallography. b, Surprisingly, the chiral catalyst 
derived from bisphos-5, optimal for most other ketones (Fig. 2b), was found 
to be minimally enantioselective when indolyl ketone 1b was the substrate. 
Further screening revealed that the most effective catalyst to generate the 
envisioned 1° hub is the copper complex derived from bisphos-2, namely the 

complex that was found in the original screening studies to afford 3a in just 
80:20 e.r. c, Equally surprising, as initially predicted by DFT studies and later 
substantiated by X-ray crystallography, the reactions with indolyl ketone 1b 
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studies, see Fig. 6). d, Products derived from other vinylallenes and ketones may 
be used to generate functionally, as well as skeletally altered analogues. DIAD, 
diisopropylazadicarboxylate; Bn, benzyl. See Supplementary Sections 4.2 and 6 
for details.
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hydride (Cp2ZrHCl) followed by hydroxylamine-O-sulfonic acid (HAS). 
This led to the corresponding α-primary NH2-amine34, which was con-
verted to sulfonamide 9 (50% yield for three steps). Unmasking of the 
primary alcohol set the stage for the first cyclization, which furnished 
3° hub-1 (86% yield for two steps).

The ensuing single methylene contraction (see contracted, 
Fig. 1b) proved to be more complicated. The common approach for 
one-carbon excision, oxidative cleavage of the mono-substituted 
alkene, was out of the question because of the presence of an indole, 
an amine and a C–B bond. We reasoned that a possible approach might 
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Fig. 4 | Progressively divergent conversion of the primary hub to secondary 
and tertiary hubs. a, The 1° hub, containing two key modifiable moieties 
(alkenyl boronate in red; vinyl unit in brown) was converted to two 2° hubs, 
one an allylic and the other a homoallylic alcohol. The 2° hub-1 was then 
transformed to various tertiary hubs. The 3° hub-1 pertains to the natural 
framework, and 3° hub-2 is a contracted ring; 2° hub-2 was similarly converted 
to 3° hub-3 and 3° hub-4. The 3° hub-5 was generated by a five-step route that 

included a catalytic ring-closing metathesis and hydrogenation step.  
b, Hydroxy-assisted regioselective hydroamination, affording the α-secondary 
NH2-amine product, may be used for contraction of the bridged bicyclic amine. 
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details.
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entail direct formation of a C–N bond at the internal carbon of the 
mono-substituted olefin, and use of the resulting secondary amine for 
cyclization. Ideally, this would be accomplished by a hydroamination 
that would proceed with the complementary regioselectivity. However, 
such a method, particularly challenging with a mono-substituted 

aliphatic olefin substrate35,36, is yet to be developed. We instead enter-
tained a different option.

In the foregoing synthesis of 3° hub-1, hydroamination of a 
mono-substituted alkene (see 2° hub-1 → 3° hub-1) was carried out 
by sequential treatment with Cp2ZrHCl and HAS. We surmised that if 
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Fig. 5 | Synthesis of the NP and precisely altered scaffolds and in vitro testing. 
a, The NP and Z-NP were obtained in two steps from 3° hub-1, as was α-chloro-
amide 13, the precursor to four expanded scaffolds. b, It took seven steps to 
transform 3° hub-2 to a contracted scaffold (ent-e2) and two distorted scaffolds 
(ent-16 and ent-e3). c–e, 3° hub-3–3° hub5 were converted to expanded (ent-e4) 
(c), distorted (ent-e5) (d) and doubly expanded (ent-e6) (e) frameworks. Green 
dot denotes an added methylene and grey dot denotes a deleted methylene. 
Alterations derived from the indolyl moiety are in blue, alterations derived 
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are in brown. f, Cytotoxicity (72 h IC50 values, μM) against four cancer cell lines 
(Alamar Blue assay, n = 3 biological replicates, error is standard error of the 
mean (s.e.m.)) underscores the importance of having access to precisely altered 
skeletal analogues. Oxaliplatin was used as a quantitative dead control. Z-e1 

caused some cell death in two of the cell lines, while e6 exhibited activity for all 
four cell lines. Condition A: (1) Na/NH3, THF, 1 h, −78 °C; (2) PPTs, HCHO, THF, 
24 h, 22 °C. A′: same as A, except step 2 in DMF. Condition B: (1) TFA, CH2Cl2, 2 h, 
22 °C; (2) Na/NH3, t-BuOH, 1 h, −78 °C; (3) ClCH2COCl, Et3N, 1 h, 22 °C. Condition 
C: hν (254 nm), Na2CO3, EtOH/H2O, 15 min. Condition D: LiAlH4, THF, 5 h, 60 °C. 
Condition E: (1) (n-Bu)4NF, THF, 0.5 h, 22 °C; (2) Na/NH3, THF, 1 h, −78 °C; (3) PPTs, 
HCHO, MeCN, 24 h, 22 °C. See Supplementary Sections 9 and 12 for details. ent, 
non-natural isomer; e, edited scaffold; TFA, trifluoroacetic acid; PPTs, pyridinium 
p-toluenesulfonate; MDA-MB-231, human breast cancer cell line; A549, 
adenocarcinomic human alveolar basal epithelial cell line; HCT-116, human colon 
cancer cell line; L1210, mouse lymphocytic leukaemia cell line; IC50, half-maximal 
inhibitory concentration.

http://www.nature.com/naturechemistry


Nature Chemistry

Article https://doi.org/10.1038/s41557-024-01455-7

the same were to be performed with an unmasked primary alcohol, an 
alkoxyzirconocene hydride might be generated first (2° hub-1 → i → ii; 
Fig. 4b). Ensuing intramolecular zirconocene–hydride addition via a 
more favourable six-membered zirconacycle (ii → iii)37,38, and trapping 
of the C–Zr bond with HAS, would deliver an α-secondary NH2-amine 
(iv). In the event, subjection of 2° hub-1 to Cp2ZrHCl followed by HAS 
afforded 10 in 77% yield, as a single regioisomer and in 95:5 d.r. (after 
silica gel chromatography). Sulfonamide formation and cyclization 
furnished 3° hub-2 (67% yield from 2° hub-1, three steps).

Our next goal was to convert 2° hub-2 to different tertiary hubs 
(Fig. 4a) with scaffolds wherein a bridge would be expanded by a sin-
gle methylene group. The first, 3° hub-3, was prepared as before (in 
five steps and 42% yield; see 2° hub-1 → 3° hub-1). Hydroxy-assisted 
hydroamination of 2° hub-2 afforded α-secondary NH2-amine 11 with 
somewhat lower regio- and diastereoselectivity (77:23 regioisomeric 
ratio (r.r.) and 88:12 d.r.), probably on account of a more distal coordi-
nating unit (compared with allylic alcohol in 2° hub-1). We isolated 11 
in 61% yield, >98:2 r.r. and 95:5 e.r. (after chromatography) and trans-
formed it to 3° hub-4 by the already mentioned sulfonamide formation/
cyclization (52% yield from 2° hub-2, three steps).

The concluding tertiary hub (3° hub-5; Fig. 4a) contained two addi-
tional methylenes, one within each of the carbon bridges. We obtained 
this analogue by masking the alcohols and then selectively deprotect-
ing the less hindered silyl ether, followed by conversion to triene 12 
(73% yield, three steps). Ring-closing metathesis and site-selective 
hydrogenation of the cyclic alkene furnished 3° hub-5 (44% yield from 
2° hub-2, five steps). With five tertiary hubs in hand, we were ready to 
convert them to NP and a collection of precisely modified scaffolds.

Syntheses of NP and altered scaffolds
Synthesis of the natural framework (Fig. 5a) began by removal of the 
nosyl and benzyl groups in 3° hub-1. The ensuing Pictet–Spengler 
process delivered ent-NP (the non-natural enantiomer; 66% yield). 
We accessed NP by using ent-bisphos-2 (also commercially available) 
and prepared ent-Z-NP similarly from 3° hub-1(Z) (originating from 
1°hub(E)). The same may be applied to every tertiary hub’s correspond-
ing Z isomer.

Conversion of 3° hub-1 to skeletons with a methylene unit inserted 
between their nitrogen atom and the indole C3 (see expanded 1, Fig. 1b) 
presented additional challenges. The most effective solution turned 
out to be Witkop cyclization39, a photochemical process that, to the best 
of our knowledge, had not been applied to a substrate bearing a some-
what sensitive tertiary benzylic alcohol. Moreover, ring closure was 
feasible only without the tertiary hydroxy group (fast decomposition, 
otherwise). Photolysis of α-chloro-amide 13 (Fig. 5a), obtained in three 
steps from 3° hub-1 (74% yield, 96:4 d.r.), afforded ent-E-14 and ent-Z-14 
(expanded 1 and expanded 2). Analogues ent-E-14 and ent-Z-14 (read-
ily separable) contain an amide carbonyl, which is a possible point of 
H-bonding. Amide reduction furnished the expanded, pericine-like 
(Fig. 1a), bridged bicyclic amines ent-E-e1 and ent-Z-e1 (expanded 3 and 
expanded 4, label in italics signifies analogue containing more than 
one alteration). While loss of the hydroxy group makes this remodel-
ling less precise, other bioactive members of the alkaloid family, such 
as pericine (Fig. 1a), apparicine40 and anti-neuroinflammatory geis-
soschizoline (Fig. 1a), also lack this unit. Curan (Fig. 1a) carries a similar 
methyl-substituted stereogenic benzylic carbon. By and large, after a 
total of eight reactions, 3° hub-1 was transformed not only to NP, but 
also to four skeletally expanded analogues.

We transformed 3° hub-2 to ent-e2 (contracted; 73% yield; 
Fig. 5b) by using the same reactions that converted 3° hub-1 to NP. 
Akin to synthesis of ent-E-e1 and ent-Z-e1, 3° hub-2 was converted 
to α-chloro-amide 15 and then ent-16 (distorted 1, 30% yield from 
3° hub-2, four steps), which was reduced to ent-e3 (distorted 2, 21% 
yield from 3° hub-2, five steps). Nosyl and benzyl group removal and 
Pictet–Spengler cyclization turned 3° hub-3 into ent-e4 (expanded 5; 

Fig. 5c) and 3° hub-4 into ent-e5 (distorted 3; Fig. 5d) in 61% and 94% 
yields, respectively. The same protocol, preceded by tertiary alcohol 
unmasking, delivered ent-e6 (double expanded) in 60% yield from 3° 
hub-5 after three steps (Fig. 5e).

At the end, without needing to re-perform an entire route, we 
were able to secure seven distinct scaffolds after a total of 49 steps. 
This constituted an average for steps/scaffold efficiency18 of seven and 
steps/analogue economy of four.

In vitro testing
In vitro testing was carried out to determine whether the skeletal altera-
tions lead to compounds that possess distinct bioactivity (Fig. 5f). 
Phenotypic screening41 was performed to gauge the cytotoxicity of 
the NP and analogues (that is, enantiomers of compounds shown in 
Fig. 5a–e; see Supplementary Section 12 for details) against a panel 
of four cancer cell lines (with oxaliplatin as the control compound42). 
There was no particular rationale for selecting these four cell lines, nor 
should this imply that further testing involving other cell lines is not 
warranted. While the original NP is weakly anti-malarial9, this study 
was performed because we wanted to see if application of the present 
strategy can identify leads in other disease areas43.

In actuality, while NP and most altered frameworks did not exert 
any influence, two expanded frameworks promoted cell death. Z-e1 
displayed appreciable cytotoxicity against two of the cell lines and, 
more notably, e6 exhibited cytotoxicity against all four. As shown by 
the dose–response curves, the double-expanded scaffold of e6 repre-
sents a notable shift in bioactivity. Limited testing of the corresponding 
unnatural enantiomers, which included ent-Z-e1, did not display any 
cytotoxicity (»50 μM; Supplementary Section 12.4). This underscores 
the importance of the catalytic enantioselective process.

The structure–activity relationship (SAR) is optimizable. For exam-
ple, comparison of the data for e6 and those for NP and e4, bearing 
only one of the two one-methylene expansions in e6, implies that e6’s 
effectiveness might be due to combined influence of expansion in two 
bicyclic amine regions or because of this particular one-methylene 
enlargement. Conversion of 1° hub to the analogue containing only 
the latter expansion and biological testing would be one way of gain-
ing further clarity.

Regarding the puzzling selectivity trends
We encountered several perplexing selectivity profiles during our 
investigations. Mechanistic appreciation of the origins of these trends 
would enhance the applicability of the catalytic process. Computational 
investigations were thus performed.

The first observation was the higher Z:E ratio for the transfor-
mation that involved cyclohexyl-substituted vinylallene (rac-2c) and 
generated homoallylic alcohol 3c through reaction with acetophenone 
(>98:2 Z:E; Fig. 2b). In contrast, the Z:E ratio for transformation of rac-2c  
and 2-heptanone to afford 6c was at the frequently observed range 
(82:18 Z:E). DFT studies reveal that the transition state leading to 
the Z isomer of 3c is more favoured, partly owing to London disper-
sive attraction44,45 between the axially oriented C–H bonds of the 
cyclohexyl moiety and the π-cloud of acetophenone’s phenyl group 
(ts-3c-bisphos-5-maj; Fig. 6a). Diminished polarizability and enhanced 
conformational mobility renders the same interaction less influential 
with an n-alkyl-ketone (for example, formation of 6c). Another reason 
for higher Z selectivity is the greater steric pressure between B(pin) and 
cyclohexyl groups in the less preferred ts-3c-bisphos-5-min compared 
with when an n-alkyl-allene is used (for example, see 3a and 3b). While 
the phenethyl moiety can be engaged in dispersive attraction in the 
lower energy transition state, its smaller size renders the alternative 
pathway more competitive (for further analysis, see Supplementary 
Section 13.5).

Another unforeseen outcome corresponded to the reaction with 
ortho-methoxyacetophenone affording 3g more enantioselectively 
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with bisphos-3 than the otherwise effective bisphos-5 (97:3 com-
pared with 59:41, respectively). This discrepancy seems to arise from 
the larger angle between the aryl and methyl ketone substituents  
(to minimize allylic strain) in the case of the ortho-methoxy variant 
(120.5° (ts-3g-bisphos-5-maj; Fig. 6b) and 118° (ts-3d-bisphos-5-maj) 
for ortho-methoxyacetophenone and acetophenone, respectively). 

Consequently, with bisphos-5–Cu, the ortho-methoxyphenyl moiety is 
positioned closer to one of the ligand tert-butyl groups (2.11 compared 
with 2.15 Å in ts-3g-bisphos-5-maj and ts-3d-bisphos-5-maj, respec-
tively). The resulting steric pressure lowers the activation energy differ-
ence (ΔΔG‡) from 1.7 kcal mol−1 for the formation of 3d to 0.6 kcal mol−1, 
causing 3g to be formed with lower e.r. (59:41 compared with 94:6 
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Fig. 6 | DFT studies offer insight regarding several unexpected selectivity 
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to London dispersion attraction between C–H bonds and an aryl group. b, For 
3g, the 59:41 e.r. with bisphos-5 compared with the 97:3 e.r. with bisphos-3 is 
probably rooted in conformational differences leading to greater steric strain in 
ts-3g-bisphos-5-maj. With bisphos-3, the larger arylphosphine enhances steric 
pressure in ts-3g-bisphos-3-min. c, The unexpected low e.r. for 1° hub formation 
with bisphos-5 and enantioselectivity reversal (versus 3d) with bisphos-2 was 
predicted by DFT studies, and appears to be owing to π–π interactions involving 

the N-benzyl group. The allyl–Cu complex and the ketone associate differently in 
ts-1° hub-bisphos-5-maj (versus ts-3d-bisphos-5-min). The difference between 
ts-1° hub-bisphos-5 complexes is reduced due to π–π interaction in ts-1° 
hub-bisphos-5-maj. In contrast, steric strain from the proximity of the allyl–Cu 
and arylphosphine in ts-1° hub-bisphos-2-min and a face-to-face attraction in 
ts-1° hub-bisphos-2-maj cause enough energy difference for S,R-1° hub to be 
formed in 95:5 e.r. DFT studies were performed with M06/SDD-6-311 + G(d,p)/
SMD(THF)//B3LYP-D3/SDD-6-31G(d). See Supplementary Section 13 for details.
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for 3d). With bisphos-3 and its more sizeable triarylphosphine unit, 
while the preferred addition mode (ts-3g-bisphos-3-maj) is impacted 
nominally (compared with ts-3g-bisphos-5-maj), there is an increase 
in steric repulsion in the transition state for the minor enantiomer 
(ts-3g-bisphos-3-min). This arises from propinquity of the allylic 
moiety and the catalyst’s tert-butyl group, engendered by the larger 
ligand cone angle in ts-3g-bisphos-3-min (248.6° compared with 
244.9° in ts-3g-bisphos-5-min). The gap between the two pathways 
thus widens to 1.6 kcal mol−1, and 3g is generated in 97:3 e.r. It follows 
that the reaction of the ketone with a smaller ortho-fluoro-substituted 
or bicyclic aryl moiety with bisphos-5 gives homoallylic alcohol 3i and 
3j in 92:8 e.r., as anticipated.

Just as enigmatic were the data regarding the catalytic multi- 
component reaction that afforded 1° hub. With bisphos-5 the homoal-
lylic alcohol was formed in 53:47 e.r., whereas with bisphos-2 the mul-
tifunctional platform was generated in 95:5 e.r. Equally surprising, but 
as presaged by DFT studies, the major enantiomer was not the one that 
we had predicted to be favoured on the basis of the methodological 
studies (for example, see 3d; Fig. 2b). There seem to be several rea-
sons for these findings. One is that, with most ketones, their methyl 
group is situated within the same quadrant as the ligand’s arylphos-
phine and the substrate’s aryl or heteroaryl and the tert-butyl phos-
phine moieties reside in a different section (see ts-3d-bisphos-5-maj;  
Fig. 6b). The situation is different with benzyl-protected indolyl ketone 
1b. Here the indolyl fragment preferentially occupies the region that 
also contains the ligand’s arylphosphine (see ts-1° hub-bisphos-5-maj 
and ts-1° hub-bisphos-2-maj; Fig. 6c). The reason for this is prob-
ably a stabilizing π–π interaction between the N-benzyl group and a 
phenyl substituent of the catalyst’s biarylphosphine moiety (see ts-
1° hub-bisphos-5-maj (edge-to-face) and ts-1° hub-bisphos-2-maj 
(face-to-face)). The preferred transition state with bisphos-5–Cu, 
namely ts-1° hub-bisphos-5-maj, although stabilized by a π–π asso-
ciation, suffers from steric repulsion between the allyl moiety and 
a phenylphosphine (1.91 Å). The net outcome is a negligible energy 
difference between the two pathways (ΔΔG‡ = 0.3 kcal mol−1; 47:53 
e.r.). In ts-1° hub-bisphos-2-maj, on the other hand, as a consequence 
of the ligand’s smaller cone angle (229.8° compared with 235.0° for 
ts-1° hub-bisphos-5-maj), the abovementioned steric repulsion 
is ameliorated by an increased distance between copper–allyl and 
diarylphosphine groups. The energy separation between the com-
peting bisphos-2-derived transition states is therefore wider and 
enantioselectivity higher (ΔΔG‡ = 1.3 kcal mol−1; 5:95 e.r.). In the case 
of N-benzyl-protected indolyl ketone 1b, a blend of π–π interactions 
and ligand steric effects cause C–C bond formation to occur prefer-
entially at the ketone enantiotopic face that would otherwise lead to 
the minor enantiomer.

The DFT-derived rationale is congruent with the lower e.r. for a  
chiral bisphosphine that has a phosphorus atom attached to two  
3,5-bis-trifluoromethylphenyl moieties (instead of a 4-methoxy- 
3,5-dimethylphenyl groups in bisphos-2). In this instance (Fig. 3b), 
because π–π interaction is weaker with a more electron-deficient 
arylphosphine, S,R-1° hub was generated in 77:23 e.r. (54% yield (pure Z), 
76:24 Z:E, >98:2 d.r.; see Supplementary Section 13.8 for details). Further, 
the reaction involving N-2-trimethylsilylethoxymethyl-protected indolyl 
ketone and bisphos-2 was less enantioselective (see Supplementary 
Section 13.9 for details).

Conclusions
We introduce a catalytic regio-, diastereo- and enantioselective multi- 
component process that was subsequently used in a concise synthesis 
of an indole alkaloid and several of its precisely altered scaffolds. The 
catalytically generated 1° hub was first transformed through a progres-
sively divergent series of 21 reactions, not more than five steps in each 
stage, to a pair of 2° hubs. The latter were transformed to five 3° hubs in 
high diastereo- and enantiomeric purity. The collection of 3° hubs was 

then utilized to access NP (11-step LLS, 9.1% overall yield compared with 
23-step LLS and 4.7% overall yield, formerly16). Ten skeletal analogues 
were generated after 26 operations. After all was said and done and a 
total of 49 steps, seven unique scaffolds and 12 different analogues 
were in hand. This is an average of seven steps per scaffold and four 
steps per analogue.

The foregoing 2° and 3° hubs are only a sample of possible 
platforms. The alkenyl boronate could, for instance, be subjected 
to iterative Matteson homologation46 (instead of mono or double 
homologation performed here). Alternatively, after a single methylene 
truncation (hydroxy-assisted hydroamination), the alkenyl boronate 
might be used for chain extension before cyclization (for example, by 
catalytic cross-metathesis or hydroformylation) to provide differently 
expanded scaffolds. The transformations used to obtain the 3° hubs 
do not embody an exhaustive list. The multi-component process is 
not confined to indolyl ketones, and Witkop cyclizations can be per-
formed with 3° hubs-3–5. Many such foci may be converted to skeletally 
altered analogues of other members of this extensive alkaloid family. 
The catalytically generated and densely functionalized platforms 
may be utilized to access other NP types, such as isodactyloxene A47, 
charborol B48, fumagillin49 and structures represented by TNP-470  
(ref. 50).

In vitro studies bring to light the implications of a made-to-order 
approach to ground-up precise skeletal diversification. The data pro-
vided here show that a framework that contains one or two, more or less, 
methylene units can exhibit an entirely distinct bioactivity profile. Con-
sistent with these expectations, docking studies reveal that different 
skeletal analogues represent a superior fit for different receptor sites.

Viewed through a wider lens, the findings described here under-
line the importance of, and the need for, design and development of 
methods, the applicability of which is not confined to synthesis of NPs. 
Rather, the ability to secure several precisely altered and unnatural 
frameworks should also be part of the equation.
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