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Computer-aided key step generation in alkaloid
total synthesis
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Efficient chemical synthesis is critical to satisfying future demands for medicines, materials, and
agrochemicals. Retrosynthetic analysis of modestly complex molecules has been automated over
the course of decades, but the combinatorial explosion of route possibilities has challenged computer
hardware and software until only recently. Here, we explore a computational strategy that merges
computer-aided synthesis planning with molecular graph editing to minimize the number of synthetic
steps required to produce alkaloids. Our study culminated in an enantioselective three-step synthesis of
(–)-stemoamide by leveraging high-impact key steps, which could be identified in computer-generated
retrosynthesis plans using graph edit distances.

E
fficient total synthesis converts commer-
cially available starting materials into
complex target molecules in as few steps
as possible. In practice, this is often
achievedby optimizing key steps to simul-

taneously form many of the requisite target
bonds, thereby rapidly generating structural
complexity. Common examples include cyclo-
additions, cascades (1), or multicomponent
coupling reactions (2). Although the notion
of a key step is well known to practitioners
of total synthesis, it has not been formalized
in computer-aided synthesis planning (CASP).
Modern CASP strategies aim to minimize
protecting-group manipulations and maxi-
mize convergency, but the focus of automated
retrosynthesis has been on encoding reac-
tion rules for maximum reliability in exper-
imental realization of predicted routes, which
favors robust, well-precedented reactions.
Meanwhile, state-of-the-art human synthetic
strategiesmaximize step and atom economy by
targeting innovative but riskier key steps and
minimizing low-impact concession steps such
as protecting group manipulations (3), unnec-
essary redox operations (4), and functional
group interconversions (5). Herewe explore the
synergy of automatically generatingmanyplau-
sible key steps using CASP, with manual selec-
tion for high-impact steps, which are encoded
as the reduction in graph edit distance, tomini-
mize overall step count in total synthesis.
Experimental demonstration of routes de-

signed with modern CASP has been achieved
in pharmaceutical synthesis (6–9) but has
seen considerably less use in the complex
setting of alkaloid total synthesis. Notable
exceptions include a recent 30-step synthesis
of weisaconitine D (10) and a 15-step syn-

thesis of (+)-tacamonidine (11), representing
the state of the art. We chose stemoamide (1,
Fig. 1), isolated from Stemonaceae plants (12),
as an ideal target molecule because its four
stereocenters and fused-ring structure would
challenge modern CASP (11), while its prece-
dence in thirty-two historic and contemporary
syntheses (13–21) provides a strong benchmark
for comparison.

Computer-aided retrosynthetic plans

The first retrosynthetic plan removes the
a-methyl group andbreaks the C–Nbondof the
azepine ring to give cyclized alkene 2 (Fig. 1),
which was itself produced by a key organo-
catalyzed Mannich-allylation-lactonization se-
quence recommended by CASP. Advanced
intermediate 2was further simplified to start-
ing materials 3, 4 and two equivalents of
aldehyde 5. A second route to 1 resulted from
the evolution of our CASP and graph editing
strategy. In this route, a Schmidt-Aubé rear-
rangement recommended by CASP is a key
simplifying element. The resultant cyclobuta-
none intermediate6was further broken down

into 7, 8, 9, and 10, leveraging a key Michael
addition and alkylation sequence, which was
identified as a key step in a separate CASP
search of 1. The computationally discovered
routes were edited and experimentally real-
ized as described below.

Revelation of the Mannich reaction as
a key step

Modern CASP platforms favor reactions with
well-established conditions. As a result, pre-
dicted routes generally have lower risk but can
be biased toward low-impact transforma-
tions. A system for recognizing synthetic ideal-
ity (22, 23) could synergize with the power of
modern CASP platforms even though addition-
al experimental optimization may be required
to realize riskier high-impact key steps.
As a first attempt to minimize step count

from CASP-generated routes, (–)-1 was sub-
jected to automated retrosynthesis in the soft-
ware SYNTHIA with a scoring function that
promoted chemoselectivity, regioselectivity,
and stereoselectivity and demoted the use of
protecting groups. AnorganocatalyzedMannich
reaction appeared as a proposed transfor-
mation in every predicted route (Fig. 2A),
an unexpected outcome because this well-
known reaction had not featured in any of
the 32 prior syntheses of 1. Nonetheless, even
the shortest calculated route (fig. S1) was
seven steps long, which was competitive with,
but not better than, the shortest human-
derived enantioselective route (14). We thus
chose to logically edit calculated routes for
brevity by maximizing high-impact trans-
formations andminimizing low-impact trans-
formations. This required a new system to
measure step impact.
Obvious inefficiencies such as protecting-

group manipulations could be minimized by
the CASP software in the calculated routes,
but it was nonobvious whether other specific
steps among the hundreds of calculated retro-
synthetic routes analyzed were impactful or
not. In principle, the impact of a given synthetic
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Fig. 1. Two retrosynthetic plans of 1 with computer-aided key step generation. PMP, p-methoxyphenyl;
Ipc, isopinocampheyl.
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step in a multistep sequence can be measured
by the reduction in graph edit distance (24)
between molecular graphs (25) of intermedi-
ates and the target molecule. Efficient multi-
step synthesis converts the bonds and atoms of
commercially available starting materials into
those of the target with key steps assembling a
large portion of the target bonds and stereo-
centers simultaneously. Thus, high-impact re-
action steps should have a steep slope in a
molecular graph edit distance plot between
given intermediates en route to the final target.
We encoded molecular graphs of each in-

termediate, including starting materials and
the final target, as individual adjacency mat-
rices (Fig. 2B and fig. S2) in which the num-
ber of rows and columns is equal to the total
number of heavy atoms and groups used in
the entire synthetic route. In this way, all
bonds of the final target and their progression
from starting materials, as well as any conces-
sion groups used in the synthesis, are mapped
exactly in each individual matrix and in rela-
tion to the final target’s matrix (Fig. 2C). A
simple comparison of the matrix for 1 (Fig. 2B,
right) reveals that it shares more entries in
common (99%) with the calculated penulti-
mate intermediate 14 (Fig. 2B, middle) than
it does with the matrix for starting materials

3, 11, 12, 8 and HBr (Fig. 2B, left) (93%). Ac-
cordingly, key stepsmaximize the reduction in
graph edit distance from a given intermediate
to the target, which is equivalent to maximiz-
ing formation of target bonds whileminimizing
reaction manipulations on concession groups.
This graph formalization shares similaritywith
established concepts of synthetic ideality but is
machine readable, carries exact atom and bond
mapping, and requires no labeling of reaction
type to separate low-impact reactions such
as redox manipulations from impactful cyclo-
additions or cascade reactions. Because graphs
capture the exact location of every bond, graph
edit distance was superior to other metrics,
such as Tanimoto distance based onMorgan
fingerprints (fig. S3), at highlighting the impact
of key transformations. A survey of published
total syntheses by graph edit distance (fig. S4)
shows that diverse key steps are readily vis-
ualized. A full graph analysis of the shortest cal-
culated route to 1 (fig. S5) reveals the impact of
the Mannich coupling (Fig. 2D), which appears
as the steepest declining step (yellow) in the
graph edit distance plot.

Six-step total synthesis of stemoamide

Although the computed routes to 1 focused
our attention on the Mannich disconnection

(Fig. 2A) as an impactful key step, we recog-
nized opportunities for improvement. For in-
stance, C2 and C11 are both in the carboxyl
oxidation state in 1, so by considering redox
economy (4), the oxidation state of 11 and 12
could be harmonized to excise two calculated
steps. This realization unveiled a hidden sym-
metry element within 1, where two equivalents
of commercially available aldehyde 5 (Fig. 3A)
unite in a self-Mannich reaction (26, 27). This
would require installation of the chirala-methyl
group at a later stage, and fortuitously a di-
astereoselective methylation had already been
reported as a viable final step in several syn-
theses of 1 (13, 14).
In experimental practice (Fig. 3A), stirring

3 with a fourfold excess of aldehyde 5 and
20 mol % L-proline in N,N-dimethylformamide
at –15°C, then adding a mixture of allyl bro-
mide 4, zinc, and bismuth chloride directly to
the reaction vessel and warming to room tem-
perature, cleanly delivered lactone 16 as the
major product via intermediacy of Mannich-
adduct 15. Rather than isolate 16, excess zinc
and insoluble materials were removed from
the reaction mixture by filtration, and the
crude filtrate was treated with trifluoroacetic
acid (TFA) to provide lactam 17, which upon
purification by silica gel chromatography was
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Fig. 2. Identifying key steps by graph edit analysis. (A) Network analysis
of 50 SYNTHIA-predicted routes to (–)-1. In this search result, the Mannich
reaction featured as a consistent disconnection, as highlighted by a cluster of
four orange dots in each route. (B) Adjacency matrices of 3, 11, 12, 8, and
HBr (left); 14 and disconnected concession atoms (middle); and 1 with

disconnected concession atoms (right). Matrix width and length are determined
by the total number of heavy atoms in the overall synthesis. For concession
groups, only the attached atom is considered in the graph. (C) Classification of
bond type used in graph edit analysis. (D) Graph edit distance plots of a
retrosynthetic route to 1, produced by CASP, highlighting Mannich key step.
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obtained in 38:1 diastereomeric ratio (dr), 99%
enantiomeric excess (ee), and isolated in 33%
overall yield from 3. Thus, five bonds, two
rings, and three stereocenters were rapidly
formed in high selectivity via a two-step se-
quence requiring just one chromatographic
purification. Next, it was necessary to per-
form the hydrobromination of 17. Experimen-
tally, the CASP suggestion to use hydrobromic
acid (28) led to an intractable mixture. The
best experimental protocol that we identified
involved conversion of alkene 17 to primary
alcohol 18 followed by bromination and in situ
removal of the p-methoxyphenyl group, giving
19. Two final steps, based on known reactions
(13, 14), were required to form the azepane
ring (20) and install the C10 methyl group via
diastereoselective enolate alkylation, giving

(+)-1. Our synthesis was performed in six steps
and required only four chromatographic puri-
fications, marking the shortest enantioselec-
tive total synthesis of 1. For convenience, we
chose to make (+)-1 by using L-proline, al-
though the software accurately recognized
that D-proline would lead to (–)-1. The exper-
imental route that arose through our mod-
ifications of the calculated route was subjected
to a graph edit analysis (Fig. 3B). Here the high
impact of the Mannich-allylation key step is
readily apparent, as is the low impact of the
ensuing functional-group interconversions re-
quired to complete the synthesis.

Three-step total synthesis of stemoamide

To best our own result in terms of step count,
we generated hundreds of additional calcu-

lated routes to 1, as well as related late-stage
intermediates such as 20, searching for key
steps that could be repurposed. In our first syn-
thesis (Fig. 3), we aimed to stay as true to the
CASP-predicted route as possible, but made
somemodifications as described. In our second
route, we focused on merging interesting key
steps from multiple calculated routes. Graph
edit distance analysis was used to direct our
attention to key steps of CASP-calculated routes
and facilitate the combination of multiple key
steps. One computed strategy of interest in-
volved a peculiar cyclobutanone intermediate
(an analog of 6, Fig. 4A), which was primed
for Schmidt-Aubé rearrangement to access 1.
Rather than apply the proposed four-step se-
quence (fig. S13) to access an analog of key
intermediate 6, we realized that an analogous
diastereoselectiveMichael addition–alkylation
sequence could be feasible to access6by adding
cyclobutanone as a nucleophile into Michael
acceptor 21 and quenching the intermediate
enolate with methyl iodide. A similar Michael
addition–alkylation sequence also emerged as
a key step in a calculated route to 1when the
Mannich reaction was specifically excluded
from the CASP search (fig. S6). We elected to
perform the Michael addition via the Enders
(S)-1-amino-2-methoxymethylpyrrolidine
(SAMP) hydrazone of cyclobutanone (22) (29),
as the SAMP auxiliary method was frequently
proposed in a variety of computed routes.
Thus, our edited retrosynthetic strategy maxi-
mized high-impact steps and minimized low-
impact steps to arrive at a concise proposal for
the synthesis of 1.
Experimentally (Fig. 4A), we produced 21

from commercially available 7 via Brown allyla-
tion in 89% ee and 58% yield. The optimized
protocol for the conjugate addition comprised
deprotonation of 22 with n-butyllithium, ad-
dition of21 to a cold solution of the anion, and
trapping of the intermediate enolate with
methyl iodide. Quenching of the reaction mix-
ture with aqueous hydrochloric acid yielded
ketone 6 in 88% yield as a 4:1 mixture of
diastereomers at C9a. Subsequent iodoso-
benzoic acid (IBA) catalyzed anti-Markovnikov
hydroazidation with trimethylsilyl azide (30, 31)
gave 23, and Lewis acid–induced intramolecu-
lar Schmidt–Aubé rearrangement (32–34)
of presumed intermediate 24 led to (–)-1.
The longest linear sequence was three steps,
giving the target in 22% overall yield, thereby
halving our prior step count.
Step impact can be readily observed in our

six-step synthesis of 1, where the first organo-
catalyzed Mannich-allylation step markedly
increases the graph similarity of 3, 5, and 4
to 1, installing 45% of the bonds required to
produce 1 (Fig. 3B). This high-impact step is
then followed by a series of low-impact steps,
such as protecting-group manipulations and
functional-group interconversions, which are
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Fig. 3. Total synthesis of 1 relying on an asymmetric organocatalyzed Mannich reaction. (A) Total
synthesis of (+)-1 in six steps. dppe, 1,2-bis(diphenylphosphino)ethane; CAN, ceric ammonium nitrate; TBA,
tetra-n-butylammonium; HMDS, hexamethyldisilazide. (B) Graph edit distance analysis of the route.
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easily recognizedby their shallow slope inFig. 3B.
Meanwhile, our 3-step route is much more
efficient with the sequence of steps contribut-
ing 17, 55, and 28%, respectively, to the graph
similarity of intermediates to 1 (Fig. 4B). The
key steps that we used were selected from an
analysis of more than a thousand calculated
retrosynthetic routes.
In addition to highlighting key steps, the

graph edit distance technique can be used to
highlight shortcuts in the route, which may
require the invention of new reactions. This is
easily achieved by grouping neighboring trans-
formations with a modest slope in the graph
edit plot into a single shortcut step. For in-
stance, steps 3, 4 and 5 in our Mannich route
(Fig. 3) could in principle be grouped into an
overall anti-Markovnikov hydroamidation
(fig. S7). It was possible to quench the TFA-
promoted lactamization (step 2) with ceric
ammonium nitrate (CAN) to produce an ana-
log of 17with the PMP group removed in 33%
overall yield from 3. This analog could be con-
verted to 20 in a single step following inven-
tion of an anti-Markovnikov hydroamidation
reaction, ultimately leading to a four-step syn-
thesis of 1. This strategy can be generally ap-

plied to suggest specific new reactions, with
their respective atom mappings, that provide
a shortcut in any synthetic route.
Modern CASP has demonstrated the ability

to produce practicable routes to modestly com-
plex targets, but to date route proposals do not
challenge the brevity of modern human-derived
routes. Ourmethod shows that it is possible to
unite multiple high-impact steps from diverse
CASP route proposals, as shown for (–)-1 in
Fig. 4, to arrive at concise synthetic routes.
We focused on step count as a sole optimiza-
tionmetric in the current study, but important
real-world metrics such as reagent cost, build-
ing block availability, or predicted yield could
be easily incorporated as a weighted distance
metric. As advances in automated retrosyn-
thesis make complex molecules more accessi-
ble, it is likely that precision pharmaceuticals
will become increasingly available.
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Fig. 4. Total synthesis of 1 featuring a Schmidt-Aubé rearrangement. (A) Total synthesis of (–)-1 in
three steps. (+)-Ipc2B(allyl), (+)-B-allyldiisopinocampheylborane; IBA, iodosobenzoic acid; TMS, trimethylsilyl.
(B) Graph edit distance analysis of the route.
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