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Here we report a general, metal-free strategy for the regioselective synthesis of amino- and
hydroxyphenanthrenes from 1- and 2-naphthaldehydes. The sequence employs an E-selective Wittig
olefination, followed by a regioselective Houben—Hoesch annulation, enabling access to 1- and 4-

substituted amino- and hydroxyphenanthrenes in moderate yields. The method tolerates diverse
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precursors. Substituents introduced via this approach significantly modulate the absorption and emission
properties of the resulting phenanthrenes, underscoring the utility of the method for generating
phenanthrene-based materials with tunable photophysical behavior.
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Amino- and hydroxy-substituted phenanthrenes are valuable
scaffolds in a variety of applications," including optoelectronic
materials,”® imaging agents,*® ligands,>'® natural products, and
therapeutics (Fig. 1).**™” Given this broad utility, considerable
effort has been devoted to the development of synthetic strate-
gies for and hydroxyphenanthrene analogs,"*?>*
including several notable examples employing electrophilic
aromatic substitution (EAS) as the final annulation step
(Scheme 1). DeShong and co-workers reported a route initiated
by arylsiloxane cross-coupling to afford biaryl aldehydes, fol-
lowed by Wittig homologation, Jones oxidation, and Friedel-
Crafts annulation to phenanthrene precursors of the allo-
colchicinoid natural product family.” Dash and co-workers
described a vinyl trifluoroborate coupling of 1-bromo-2-
naphthaldehyde, followed by indium-mediated Barbier allyla-
tion, Dess-Martin oxidation, and ring-closing metathesis to
generate 1-hydoxyphenanthrenes.” De Mesmaeker employed
a Suzuki cross-coupling of iodo-substituted phenylacetic acids,
followed by amide coupling with secondary amines and triflic
anhydride-mediated cyclization to access aminophenanthrene-
® While these strategies demonstrate the diverse chemical
approaches to phenanthrene synthesis, they also illustrate
common limitations, including reliance on complex starting
materials, precious metal catalysts, and multiple discrete steps
to obtain a single amino- or hydroxyphenanthrene isomer.
Here we report a general, metal-free, and expedient method
for the synthesis of 1-amino-, 4-amino-, 1-hydroxy-, and 4-
hydroxyphenanthrenes directly from 1- and 2-naphthaldehydes
(Scheme 1d). This approach combines an E-selective Wittig

amino-
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olefination with a regioselective Houben-Hoesch annulation in
a streamlined two-step sequence, enabling rapid scaffold
diversification without the need for precious metal catalysts or
elaborate precursors.

Given the importance of specifically tuned electronic and
photophysical properties for the performance of phenanthrene-
based materials, we further demonstrate that substitution
patterns introduced by our method are able to modulate the
absorption and emission profiles of the resulting scaffolds.
These findings not only underscore the synthetic versatility of
the approach but also establish its utility as a platform for the
development of next-generation phenanthrene-based materials.

We envisioned a two-step route to access the desired phen-
anthrene scaffolds. In the first step, olefination of naph-
thaldehydes (1) with fumaronitrile (2) or diethyl fumarate (3)
would furnish naphthalenylmethylene succinonitrile (4) or
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Fig.1 Representative amino- and hydroxyphenanthrene derivatives in
natural products, therapeutics, electronic materials, and catalysts.
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(c) Suzuki/Amide Coupling/Tf,0-mediated Annulation Sequence (De Mesmaeker)
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(d) Wittig/Houben-Hoesch Sequence (This Work)
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/
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R+ _ /—CHO ammophenanthrenes
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1
EO, C/\/CozEt from 1-naphthaldehydes ~ from 2-naphthaldehydes
CO,Et
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hydroxyphenanthrenes
Scheme 1 (a—c) Representative strategies for the synthesis of either

amino- or hydroxy-substituted phenanthrenes. (d) Our envisioned
divergent route to both amino- and hydroxyphenanthrenes from
naphthaldehyde precursors.

succinate (5) intermediates, respectively. Subsequent annula-
tion via intramolecular Houben-Hoesch reaction would yield
aminophenanthrenes (6) and hydroxyphenanthrenes (7). This
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strategy allows for regioselective introduction of amino or
hydroxy substituents at the 1- and 4-positions of the phenan-
threne core.

Achieving high E-selectivity in the olefination step was crit-
ical to the success of the envisioned synthetic route. To this end,
we evaluated both Wittig and Horner-Wadsworth-Emmons
conditions. The stereoselectivity of these olefination reactions
is known to depend strongly on the steric and electronic prop-
erties of the aldehyde substrate. For example, a one-pot, three
component Wittig reaction of pyrrole-3-aldehydes with fumar-
onitrile and tributylphosphine has been reported to proceed
with high E-selectivity.®® In contrast, analogous reactions with
benzaldehyde favored formation of the undesired Z-isomer,
necessitating the use of the Still-Gennari modification of the
Horner-Wadsworth-Emmons (HWE-Still) reaction to obtain
predominantly E-isomer.**

To establish optimal conditions for E-selective olefination of
naphthaldehydes, we screened a series of Wittig and HWE
protocols using naphthaldehyde 1a as a model substrate
(Table 1). Under Wittig conditions (tributylphosphine, 2, 110 °©
C) olefination proceeded in 81% yield with a 4 : 1 mixture of E/Z
isomers. This result contrasts with the reported Z-selectivity for
Wittig olefination of benzaldehydes.** HWE conditions (diethyl
phosphite, NaH, 2, 20 °C), led to a diminished 1:2 E/Z ratio
favoring the undesired Z-isomer in 71% yield. In contrast, the
HWE-Still protocol (bis(trifluoroethyl)phosphite, NaH, 2, —78 °
C) afforded a 6: 1 E/Z mixture in 76% yield, consistent with the
selectivity reported for benzaldehydes under similar conditions.

For all three cases, the E and Z isomers of 4a proved insep-
arable by chromatographic or crystallization methods. To
circumvent this limitation and to streamline the synthesis, we
adopted a two-step protocol in which the crude olefination
product was carried forward directly into the annulation step.
This approach minimized purification steps and enabled more
rapid access to amino- and hydroxy-substituted phenanthrenes.

To initiate the two-step strategy, the Wittig reaction was
selected based on its lower reagent cost, operational simplicity,
and greater compatibility with the subsequent Houben-Hoesch
annulation compared to HWE-Still reaction. To identify suitable
cyclization conditions, crude Wittig product derived from 1-
napthaldehyde 1a was filtered through a short plug of silica and

Table 1 Optimization of conditions for E-selective olefination of naphthaldehydes

CN
CHO
J/ Oleflnatlon = CN 2 CN
CO sollive
1a

E-4a Z-4a
Entry Reaction Reagents Temp. (°C) Yield (%) E/Z*
1 Wittig PBuj;, dioxane 110 81 4:1
2 HWE Diethyl phosphite, NaH, THF 20 71 1:2
3 HWE-Still bis(trifluoroethyl) phosphite, NaH, THF —78 76 6:1

“ E/Z values were determined by the ratio of integrated allylic methylene peaks in the crude "H NMR spectra.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Two-step sequence for
phenanthrene 6a.

the synthesis of amino-

treated with various Lewis and Brensted acids to promote
conversion to aminophenanthrene 6a. Incubation in DCE,
AcOH, or TFA failed to effect cyclization. Likewise, treatment
with Lewis acids ZnCl,, AlCl;, Al(OTf);, or BF;-OEt, in DCE at
90 °C gave no detectable formation of the desired product
(Table S1). BF;-OEt, has been reported to facilitate Houben-
Hoesch-type annulations in the synthesis of aminoindoles* and
aminonaphthalenes.* In the latter study, only TfOH in TFA was
more effective than BF;-OEt,. Accordingly, treatment of the
crude Wittig product with TfOH in TFA furnished 1-amino-3-
cyanophenanthrene 6a in 31% yield (Scheme 2). A proposed
mechanism for the transformation (Scheme S1) involves initial
TfOH-mediated protonation of the allylic nitrile to generate
a reactive nitrilium intermediate, followed by annulation and
tautomerization to afford the final phenanthrene product.

To evaluate the scope of the two-step aminophenanthrene
synthesis, a panel of 1- and 2-naphthaldehydes (1a-i) was sub-
jected to the optimized Wittig and Houben-Hoesch conditions.
1-Naphthaldehydes = 1a-¢  were  converted to  4-
aminophenanthrenes 6a-c in 11-36% isolated yield over two
steps, while 2-naphthaldehydes 1d-g afforded 1-
aminophenanthrenes 6d-g in 17-38% yield (Scheme 3).
Notably, annulation occurred exclusively at the 1-position of the
naphthalene precursor, with no detectable formation of
aminoanthracenes arising from cyclization at the 3-position.
The two-step Wittig/Houben-Hoesch protocol proved ineffec-
tive for the formation of  methoxy-substituted
aminophenanthrenes 6h and 6i.

To extend the utility of this strategy, we next examined its
applicability to the synthesis of hydroxyphenanthrenes.
Substituting fumaronitrile with diethyl fumarate in the Wittig
reaction provided naphthalenylmethylene succinate interme-
diates, which were similarly amenable to TfOH-mediated
annulation. Under these conditions, 1-naphthaldehydes 1a-c
delivered 4-hydroxyphenanthrenes 7a-c¢ in 27-32% isolated
yield over two steps, and 2-naphthaldehydes 1d-g afforded 1-
hydroxyphenanthrenes 7d-g in 14-32% yield. As observed for
the aminophenanthrenes, annulation occurred regioselectively
for the 1-position of the naphthalene ring, and no evidence of
anthracene formation via cyclization at position 3 was detected.
Conversion of methoxy-substituted aldehydes 1h and 1i again
proved ineffective, with no formation of hydroxyphenanthrene
analogs 7h and 7i observed. The transformation is proposed to
proceed via TfOH-mediated activation of the allylic ester, fol-
lowed by regioselective electrophilic aromatic substitution and
tautomerization of the resulting ketone to afford the phenan-
threne core (Scheme S2).
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Scheme 3 Scope for the two-step synthesis of amino- and
hydroxyphenanthrenes directly from naphthaldehydes. Reported

yields are isolated yields over two steps.

Assuming that the transition state leading to the carbocation
intermediate is the rate-determining step in this EAS-type
annulation, the failure of substrates 6h/6i and 7h/7i to
undergo successful cyclization can be partially attributed to
insufficient carbocation stabilization. The position of the
electron-donating group relative to the carbocation plays a crit-
ical role in stabilizing the transition state and facilitating ring
closure. For annulations derived from 1-naphthaldehyde,
substituents at positions 3, 6, or 8 are expected to stabilize
a developing cation via resonance effects (Scheme S3). In
contrast, for 2-naphthaldehyde-derived intermediates, electron-
donating groups at positions 4, 5, or 7 would favorably stabilize
the cation.

In the case of 6h/7h, the precursor is 4-methoxy-1-
naphthaldehyde (1h), where the methoxy group is located at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a position (C4) that is poorly positioned for stabilizing the car-
bocation.  Similarly, 6i/7i arise from = 6-methoxy-2-
naphthaldehyde (1i), where the methoxy substituent at C6 is
not optimally positioned to stabilize the cation. In both cases,
the electronic effects of the methoxy groups do not contribute
effectively to stabilizing the key carbocation intermediate,
which may account for the observed lack of annulation under
standard conditions.

The exclusive formation of phenanthrenes over the isomeric
anthracenes can be attributed to thermodynamic factors.
Experimental and computational studies consistently indicate
that phenanthrenes are more thermodynamically stable than
anthracenes owing to their greater aromatic stabilization and
lower standard enthalpies of formation.*** Reported energy
differences range from 4.2 to 6.8 kcal mol ', favoring the
phenanthrene core. This enhanced stability can also be ratio-
nalized using Clar's aromatic sextet theory.*>** Phenanthrene
contains two aromatic sextets in its outer rings, compared to
anthracene which only has one. As a result, phenanthrene
benefits from greater resonance stabilization, making it the
favored product under thermodynamically controlled condi-
tions. This regioselectivity is also supported by a control
experiment in which the 1-position of the naphthalene was
blocked by a bromo substituent, preventing cyclization to the
phenanthrene. No reaction was observed, suggesting that
cyclization at the 3-position to generate the anthracene core is
not a viable pathway under the reaction conditions (Scheme S4).

Phenanthrene-based compounds have seen expanded utility
in optoelectronic applications, including as thermally activated
delayed fluorescence (TADF) emitters,® biophysical probes,* and
pH-responsive fluorophores.” In many cases, the tunability of
absorption and emission wavelengths is important for
function.®® We therefore investigated the effect of substituents
on photophysical properties of amino- and hydroxyphenanthr-
enes accessible by our synthetic method.

In dichloromethane, aminophenanthrene 6d exhibited
absorption and emission maxima at 261 and 408 nm, respec-
tively (Fig. 2A). Introduction of a methoxy group at the 10-
position of the aminophenanthrene (6e) resulted in a slight red
shift in absorption to 268 nm, with no significant change to its
emission maximum at 409 nm. However, 6e displayed
enhanced fluorescence intensity across a broader emission
range compared to 6d. Aminophenanthrene 6g, bearing
a phenyl substituent at the 6-position, showed a blue shifted
absorption maximum at 256 nm and a markedly blue-shifted
emission maximum at 348 nm.

A distinct trend was observed for hydroxyphenanthrene
analogs 7d, 7e, and 7g (Fig. 2B). Compound 7d exhibited
absorption and emission maxima at 265 and 378 nm, respec-
tively. The methoxy-substituted analog 7e demonstrated
a similar absorption maximum (266 nm) but a significant red
shift in emission maximum at 405 nm. Phenyl-substituted 7g
demonstrated modest red shifts to both absorption (275 nm)
and emission (386 nm) maxima compared to 7d.

Collectively, these results demonstrate that the fluorescence
properties of amino- and hydroxyphenanthrene derivatives can
be tuned through strategic substitution enabled by our method.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Absorption (dotted) and emission (solid) spectra for (A)
aminophenanthrenes 6d (purple), 6e (red), and 6g (orange) and (B)
hydroxyphenanthrenes 7d (black), 7e (green), and 7g (blue). Data were
collected at 107> M concentrations in dichloromethane. Excitation
wavelengths for emission spectra of 6d, 6e, and 6g were 261, 268,
255 nm, respectively. Excitation wavelengths for emission spectra of
7d, 7e, and 7g were 265, 265, 275 nm, respectively.

This tunability highlights the potential utility of our strategy for
the development of next-generation phenanthrene-based
materials for optoelectronic, sensing, and imaging applications.

Conclusions

We have developed a general, metal-free, and operationally
simple two-step strategy for the synthesis of 1- and 4-substituted
amino- and hydroxyphenanthrenes from 1- and 2-naph-
thaldehydes. The sequence combines an E-selective Wittig ole-
fination with a regioselective Houben-Hoesch annulation,
providing predictable site selectivity and broad functional
group tolerance without the need for precious metal catalysts or
elaborate starting materials. The chemodivergent method
accommodates diverse substitution patterns, enabling rapid
scaffold diversification.

Beyond synthetic utility, we have demonstrated that substi-
tutions introduced via this approach significantly influence the
absorption and emission properties of the phenanthrene core.
Methoxy and phenyl substituents, which extend pi conjugation,
were shown to modulate absorption and emission profiles,
highlighting the capacity of this method to tune photophysical
properties. This tunability underscores the potential of the
described strategy as a versatile platform for the preparation of
phenanthrene-based materials.
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