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contraction for the synthesis of
polycyclic heteroaromatics: a concise total
synthesis of toddaquinoline†

Emily K. Kirkeby, Zachary T. Schwartz, ‡ Myles A. Lovasz ‡

and Andrew G. Roberts *

A concise strategy to prepare polycyclic heteroaromatics involving a deaminative contraction cascade is

detailed. The efficient deaminative ring contraction involves the in situ methylation of a biaryl-linked

dihydroazepine to form a cyclic ammonium cation that undergoes a base-induced [1,2]-Stevens

rearrangement/dehydroamination sequence. The presence of pseudosymmetry guides the retrosynthetic

analysis of pyridyl-containing polycyclic heteroaromatics, enabling their construction by the reductive

cyclization and deaminative contraction of tertiary amine precursors.
Introduction

Polycyclic aromatic natural products exhibit a host of exciting
biological properties,1,2 and their highly varied arene substitu-
tion patterns have motivated creative strategies3 for their
assembly. Dehydrojuncusol 1,4 litebamine 2,5 toddaquinoline
3,6 and santiagonamine 4,7 serve to emphasize the diverse
substitution patterns displayed by biologically active secondary
plant metabolites that share the ‘phenanthrene skeleton’
(Fig. 1a). Biosynthetic rearrangements of the embedded tertiary
amine lead to scaffold diversication, as exemplied by the
dehydroaminative conversion of the aporphine alkaloid boldine
5, into phenanthrene alkaloids secoboldine 6 and litebamine 2
(Fig. 1b).8 The experimental replication of this biogenic path-
way8c reveals the potential of dehydroamination toward family-
level access to these phenanthrenes from tertiary amine
precursors,8,9 and highlights the utility of amine-derived
molecular rearrangements10,11 for the convergent synthesis of
densely substituted polycyclic aromatics.

Classic approaches12 to build phenanthrenes from stilbene
precursors include the Pschorr,13 and Mallory reactions,14,15

which have seen impressive procedural updates.16,17 Unsur-
prisingly, the advent of transition metal-catalyzed cross-
coupling reactions makes construction of the biaryl bond
a natural entry point to these scaffolds.18 Recent approaches
toward polycyclic aromatics have relied on these methods,
using transition metal-,19 oxidation-,20 Lewis acid-,21,22 and base-
promoted23 alkene-forming reactions. With some exceptions,
Fig. 1 Polycyclic aromatic natural products as motivation for reaction
invention: (a) ‘phenanthrene skeleton’ natural products as motivation
for reaction invention; (b) nature diversifies scaffolds via tertiary amine
rearrangements; (c) recognition of pseudosymmetry guides
a convergent retrosynthetic analysis.
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these methods demonstrate limited access to polycyclic heter-
oaromatics containing important pyridyl motifs24 and while
useful, Friedländer annulation strategies25 are less convergent.
Recently, Lambert and coworkers elegantly addressed this
through the development of a hydrazine-catalyzed ring-closing
carbonyl–olen metathesis reaction that is compatible with
Lewis basic functionality.26 We drew inspiration from strategies
that are also tolerant of Lewis basic arenes that use a Z-selective
Wittig olenation to build the alkene, followed by a transition-
metal catalyzed cyclization to forge the biaryl bond.27 The
recognition of pseudosymmetry and knowing that tertiary
amines can react to form alkenes guided our retrosynthetic
analyses,11,28 leading to the development of a convergent
approach to polycyclic (hetero)aromatics by the reductive
cyclization and deaminative contraction of appropriately halo-
genated tertiary amine precursors (Fig. 1c).

In an earlier effort,28 we demonstrated that functionalized
tertiary amines can be converted into substituted benzo[h]
quinolines following reductive cyclization29–33 and deaminative
contraction reactions (Fig. 2a). We were able to show that the
deaminative contraction of 7 comprises a cascade reaction
sequence wherein amine methylation, a [1,2]-Stevens rear-
rangement of the resultant ammonium cation, and a dehy-
droamination of the rearranged tertiary amine ensued to yield
8. Yet, the multievent transformation suffered from low effi-
ciency and system-dependent side reactions. Herein, we detail
our use of these mechanistic insights to develop a general and
high yielding reductive cyclization/deaminative contraction
strategy to prepare a diverse array of these polycyclic hetero-
aromatics. We show that appropriately halogenated tertiary
amines28 are simple to prepare and cyclize. Readily accessed
biaryl-linked dihydroazepines undergo efficient deaminative
Fig. 2 Deaminative contraction for the synthesis of polycyclic (hetero)
aromatics: (a) developed deaminative contraction reactions; (b)
a mechanism-based hypothesis.

© 2023 The Author(s). Published by the Royal Society of Chemistry
contraction, providing substituted polycyclic (hetero)aromatic
products as highlighted by a concise total synthesis of todda-
quinoline 3.
Results and discussion

We previously demonstrated that biaryl-linked dihydroazepine
7 can form phenanthrene 8 and 2,2′-dimethylbiaryl 9 upon
treatment with Mn and trimethyl phosphate, PO(OMe)3
(Fig. 2).28 The Mn additive served no obvious mechanistic role,
but its presence improved the yield for some benzo[h]quinoline-
forming examples. Excess Mn led to reductive deamination
without contraction to favor 2,2′-dimethylbiaryls (e.g., 9), espe-
cially when the substrate lacked a pyridyl motif. With a better
mechanistic level understanding of this cascade reaction,28 we
developed one-pot conditions that leverage PO(OMe)3 as an
amine-methylating reagent34 and t-BuOK as a Brønsted base.
Here we presume Stevens product 10 forms en route to phen-
anthrene 8, as 10 can be resubjected to the reaction conditions
to exclusively form 8. Závada and coworkers previously noted
that biaryl-linked dihydroazepinium salts are susceptible to
a [1,2]-Stevens rearrangement/Hofmann elimination process
upon treatment with excess base (3.1 equiv n-BuLi).35 They
noted that binaphthyl dihydroazepeniums undergo the [1,2]-
Stevens rearrangement more efficiently than the correspond-
ing biphenyl derivatives by several orders of magnitude.35,36 We
reasoned the net deaminative ring contraction process
involving amine methylation, [1,2]-Stevens rearrangement, and
Hofmann elimination events could be made general by
improving the methylation and base-catalyzed events. We
proposed that in situ formed biaryl-linked azepeniums would
undergo more efficient [1,2]-Stevens rearrangement and Hof-
mann elimination events. These hypotheses, and our interest in
pyridyl-containing natural products such as 3 and 4, directed us
to develop a general deaminative reaction for access to
substituted and pyridyl-containing polycyclic heteroaromatics
(Fig. 3).
Deaminative contraction for the convergent synthesis of
substituted benzo[h]quinolines and other polycyclic
aromatics

Optimization revealed that the reagent combination of LiI and
PO(OMe)3 facilitates tertiary amine methylation,37 while subse-
quently added t-BuOK38 and 18-crown-6 (18-C-6) affects [1,2]-
Stevens rearrangement and concomitant Hofmann elimina-
tion events to convert biaryl-linked dihydroazepine 11, via Ste-
vens product 12, into benzo[h]quinoline 13 in 83% isolated
yield (Fig. 3). Toward substituted benzo[h]quinolines, the Ste-
vens product is only observed in reactions that are stopped
prematurely. Mechanistic studies have shown the combination
of LiI and PO(OMe)3 to be useful for the metered generation of
MeI, especially when substrates harbor Lewis basic sites (e.g.,
pyridines) that are susceptible to methylation (entry 2).37 Other
deviations from the optimal conditions such as less t-BuOK
(entry 3), the omission of LiI (entry 4), and the omission of 18-C-
6 (entry 5), result in diminished yields. Finally, a control
Chem. Sci., 2023, 14, 10508–10514 | 10509
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Fig. 3 Deaminative contractions for the convergent synthesis of
polycyclic aromatics and substituted benzo[h]quinolines: (a) deami-
native contraction optimization; (b) accessible polycyclic aromatics;
(c) evaluation of electronically perturbed benzo[h]quinolines. nd = not
detected.

Fig. 4 Synthesis of polycyclic aromatics (a) a general strategy to
prepare polycyclic heteroaromatics; (b) process scope: the final
polycyclic heteroaromatics are shown for each three-step synthesis,
the yields for each step are shown in order: build (step 1)-cyclize (step
2)-contract (step 3).
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reaction (entry 6) indirectly shows that lithium dimethyl phos-
phate is an ineffective base at 65 °C, suggesting that base-
promoted rearrangements, and eliminations do not occur
until t-BuOK and 18-C-6 are added. Relative to previously
developed conditions (entry 7), this deaminative contraction
method showed general applicability toward polycyclic
aromatics. Readily accessible biaryl-linked dihydroazepines
undergo deaminative contraction to afford 14, 8, 15, and 16 in
good yields (Fig. 3b). Interestingly, Stevens product 10 is halted
en route to phenanthrene 8, supporting the prior observation
made by Závada and coworkers.35 Our interest in pyridyl-
containing polycyclic aromatic natural products directed us to
further evaluate the impact of system electronics. Electron-rich
(17, 18) and electron-decient (19–21) benzo[h]quinolines are
all accessed in good yields (Fig. 3c). Notably, during the prep-
aration of 19 (65%), we observed the formation of a minor
amount of 18 (7%). We speculate that methoxide is a potential
byproduct of the one-pot conditions and may convert 19 into 18
via nucleophilic aromatic substitution (SNAr).39 While unopti-
mized, this observation suggests that other benzo[h]quinoline
substitution patterns could be accessible via SNAr of an appro-
priately halogenated precursor. Due to the preliminary effi-
ciency of this deaminative contraction method and its potential
10510 | Chem. Sci., 2023, 14, 10508–10514
orthogonality to recent oxidative deaminative ring contraction
methods,40,41 we set out to develop a general build-cyclize-
contract strategy to prepare polycyclic heteroaromatics (Fig. 4).
A general strategy to prepare polycyclic heteroaromatics

In the build step, synthetic secondary amines are advanced to
tertiary amines using either radical halogenation/alkylation or
reductive amination procedures, dependent on the availability of
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D3SC03936F


Scheme 1 A build-cyclize-contract total synthesis of toddaquinoline
3. (a) 3 equiv. KOH, 10 mol% Pd2dba3, 40 mol% Me4t-BuXPhos, 1,4-
dioxane/H2O, 100 °C; (b) CF3CO2H, CH2Cl2, rt. dba =
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the respective methyl aryl and benzaldehyde derivatives (Fig. 4a,
see the ESI†). Tertiary amines synthesized by the one-pot radical
halogenation/alkylation method proceeded with a yield range of
23–74% for the 18 examples (Fig. 4b, see the ESI†). Tertiary
amines prepared by reductive amination are accessible with
a yield range of 53–90% for the six examples (Fig. 4b, see the
ESI†). Following the build step, synthetic tertiary amines were
cyclized using a Ni-promoted reaction28,30,32,33 to access the cor-
responding biaryl-linked dihydroazepines in moderate to good
yields. Notably, the biaryl bond-forming cyclization is tolerant of
ortho-substitution (23a, 23e, and 23o) and allows access to all
possible pyridyl isomers (11, 23j, 23k, and 23l).42 In some cases,
the Ni-mediated reaction conditions give lower conversion,
which we attribute to the chelating 1,2-diamine nature of certain
tertiary amine substrates.40d This was most evident for the
conversion of pyridyl variant 22l into 23l (8%).

With various biaryl-linked dihydroazepines in hand, we eval-
uated their conversion into polycyclic heteroaromatics by
deaminative contraction (Fig. 4). We nd thatmethyl-substituted
benzo[h]quinolines, 24a (58%), 17 (93%), 24c (86%), and 24d
(38%), are all accessible, with a trend toward slightly diminished
conversion for 10-methyl (24a) and 7-methyl (24d) variants.
Toward 24a, we attribute the lower yield to the 10-methyl
substituent-induced torsional strain,36 likely rendering the [1,2]-
Stevens rearrangement difficult. Toward 24d, we attribute the
overall lower conversion to the steric encumbrance induced by
the amine-neighboring C7-methyl substituent that may preclude
the requisite methylation and [1,2]-Stevens rearrangement
events. In this case, the Stevens product can be observed. A
similar, albeit less pronounced trend is noted for the corre-
spondingmethoxy-substituted benzo[h]quinolines, 24e (91%), 18
(81%), 24g (77%), and 24h (62%). The comparatively better yields
for 24e (C10-OMe) vs. 24a (C10-Me) and 24h (C7-OMe) vs. 24d
(C7-Me) are consistent with the smaller B-value steric measure
for methoxy (B = 5.6 kcal mol−1) vs. methyl (B = 7.4 kcal mol−1)
substituents,43 but cannot be decoupled from differences due to
electronic effects. Intriguingly, we nd that isomers of the parent
benzo[h]quinoline system 13 (83%), 24j (97%), 24k (83%), and
24l (70%) are accessible in comparable yields, with 24j produced
in exceptional yield. Consistent with our initial substrate polar-
ization hypothesis, we reason that resonance-stabilized ammo-
nium ylide intermediates, undergo more efficient [1,2]-Stevens
rearrangement and Hofmann elimination events en route to
their corresponding polycyclic heteroaromatics. The ability to
access several pyridyl variations of the polycyclic aromatic core
enables general access to the benzo[h]quinoline core of todda-
quinoline 3 (ref. 6) and the benzo[h]isoquinoline core of santia-
gonamine 4 (ref. 7) (Fig. 1a). To highlight the efficiency and
exibility of the developed strategy, both natural and isomeric
variations are straightforward to access. The build-cyclize-
contract strategy provides efficient access to C3-desoxy-
toddaquinoline 24m (85%),28,44 C3-desoxy-toddaisoquinoline
24n (83%),26 santiagonamine core 24o (28%),7 and an isomeric
santiagonamine core 24p (54%). This general efficiency promp-
ted us to evaluate the build-cyclize-contract strategy to realize
a concise total synthesis of toddaquinoline 3.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Total synthesis of toddaquinoline

Harrowven and coworkers completed the rst and only total
synthesis of toddaquinoline 3 in three steps from accessible
dibenzylideneacetone.

Chem. Sci., 2023, 14, 10508–10514 | 10511
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Fig. 5 Functionalization of methyl-substituted benzo[h]quinolines to
access aminated benzo[h]quinolines and aza-helicenes: (a) Pd(OAc)2,
NBS, CH3CN; (b) NBS, Bz2O2, PhH, 80 °C; (c) add 38 in THF; (d)
NiBr2(PPh3)2, Et4NI, Zn, THF, 50 °C; (e) LiI, PO(OMe)3, THF, 65 °C; t-
BuOK, 18-C-6, THF, 65 °C.
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precursors, 25 and 26 (Scheme 1).45,46 Their concise assembly of
the oxygenated benzo[h]quinoline natural product leveraged
a partly Z-selective Wittig olenation ((Z)-27a and (E)-27b, 2.4 :
1), followed by a cobalt(I) salophen-mediated C6-regiocontrolled
radical cyclization of the pendent pyridine. While olenation
followed by cyclization sequences have since become a reliable
means to build polycyclic aromatics,27,47 these strategies can
suffer from alkene isomer selectivity and cyclization regiocon-
trol issues. We set out to develop an alternative total synthesis of
toddaquinoline 3 from the reductive cyclization and deami-
native contraction of a functionalized tertiary amine. The effi-
cient synthesis of 29 (R = OBn) proved difficult as the electron-
rich O-benzylated pyridyl derivative is prone to over-
halogenation (see the ESI†). We therefore pursued an alterna-
tive strategy to complete the total synthesis of 3, leveraging
a one-pot radical halogenation/alkylation procedure from hal-
opyridines 30a (X = Cl) and 30b (X = F) to access respective
tertiary amines 29a and 29b. Both tertiary amines (29) undergo
chemoselective reductive cyclizations to provide biaryl-linked
dihydroazepines (33). Their subsequent deaminative contrac-
tions provide intriguingly varied results, with both biaryl-linked
dihydroazepines enabling access to toddaquinoline 3. The
deaminative contraction of 3-Cl dihydroazepine (33a) provides
a 3-Cl derivative of toddaquinoline (34a) which is readily con-
verted into 3 (21%) using an unoptimized Pd-catalyzed
hydroxylation reaction.48 Alternatively, the deaminative
contraction of 3-F dihydroazepine (33b) provides a separable
mixture of three ring-contracted products, 34b (Z = Ot-Bu), 34c
(Z = OMe), and 34d (Z = F), where we presume SNAr reactivity39

gives rise to substituted variants 34b and 34c. The tert-butyl
ether variant (34b) is quantitatively converted into toddaqui-
noline 3 (99%) using acidolysis conditions.49 Overall, each
three-step process yields a polysubstituted benzo[h]quinoline
core (34) while completely avoiding alkene isomer and cycliza-
tion regiocontrol challenges.
An iterative strategy to access aminated benzo[h]quinolines
and aza[n]helicenes

The C9-methyl substituent in benzo[h]quinoline 17 provides an
additional opportunity to controllably extend the aromatic
system to access aminated benzo[h]quinolines and aza[5]heli-
cenes (Fig. 5).47 A proof-of-concept experiment demonstrates
that aminated derivatives are directly available from 17
following the developed one-pot radical halogenation/alkylation
procedure to access pyrrolidine derivative 36 via benzyl bromide
intermediate 35. Using Sanford's C–H functionalization
protocol,50 the same 9-methyl benzo[h]quinoline (17) can be
regioselectively brominated (C10) and subsequently converted
into a pyridyl-containing dihydroazepine derivative 39 following
radical halogenation/alkylation, and reductive cyclization.
Finally, biaryl-linked dihydroazepine 39 undergoes deaminative
contraction to access aza-pentahelicene 40 (phenanthro[3,4-h]
quinoline), demonstrating a modular strategy to access penta-
helicenes35,50 that may enable the precision-controlled intro-
duction of substituents by the strategic addition of aromatic
rings.
10512 | Chem. Sci., 2023, 14, 10508–10514
Conclusions

We developed a build-cyclize-contract strategy to access poly-
cyclic (hetero)aromatics. The key developed deaminative ring
contraction involves a proposed in situ methylation followed by
base induced [1,2]-Stevens rearrangement/dehydroamination
cascade reaction. We report 25 examples of reductive cycliza-
tion and deaminative contraction (28–97% yields) processes to
yield polycyclic (hetero)aromatics, culminating in a four-step
total synthesis of toddaquinoline. Given the simple starting
materials, this strategy can be readily applied to prepare
substituted polycyclic (hetero)aromatics with utility as the
diversiable cores of many bioactive polycyclic natural prod-
ucts,3,28 ligands for catalysis,25 and the organic components for
the discovery of novel materials.26,51
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32 S. Leleu, C. Papamicaël, F. Marsais, G. Dupas and
V. Levacher, Tetrahedron: Asymmetry, 2004, 15, 3919–3928.

33 W. Xue, H. Xu, Z. Liang, Q. Qian and H. Gong, Org. Lett.,
2014, 16, 4984–4987.

34 C. I. Nwachukwu, T. P. McFadden and A. G. Roberts, J. Org.
Chem., 2020, 85, 9979–9992.

35 I. G. Stara, I. Stary, M. Tichy, J. Zavada and V. Hanus, J. Am.
Chem. Soc., 1994, 116, 5084–5088.

36 H. Joshua, R. Gans and K. Mislow, J. Am. Chem. Soc., 1968,
90, 4884–4892.

37 Z.-T. He, H. Li, A. M. Haydl, G. T. Whiteker and J. F. Hartwig,
J. Am. Chem. Soc., 2018, 140, 17197–17202.

38 S. Hanessian and M. Mauduit, Angew. Chem., Int. Ed., 2001,
40, 3810–3813.

39 A. S. Abel, A. Yu Mitrofanov, A. A. Yakushev, I. S. Zenkov,
G. V. Morozkov, A. D. Averin, I. P. Beletskaya, J. Michalak,
S. Brandès and A. Bessmertnykh-Lemeune, Asian J. Org.
Chem., 2019, 8, 2128–2142.

40 For the oxidative deaminative ring contraction of secondary
amines, see: (a) S. H. Kennedy, B. D. Dherange, K. J. Berger
10514 | Chem. Sci., 2023, 14, 10508–10514
and M. D. Levin, Nature, 2021, 593, 223–227; (b) H. Qin,
W. Cai, S. Wang, T. Guo, G. Li and H. Lu, Angew. Chem.,
Int. Ed., 2021, 60, 20678–20683; (c) C. Hui, L. Brieger,
C. Strohmann and A. P. Antonchick, J. Am. Chem. Soc.,
2021, 143, 18864–18870; (d) H. Na and L. M. Mirica, Nat.
Commun., 2022, 13, 1313; (e) B. A. Wright, A. Matviitsuk,
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