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ABSTRACT: Cycloaddition reactionsepitomized by the Diels−Alder reac-
tionoffer an arguably unmatched springboard for achieving chemical complexity,
often with excellent selectivity, in a modular single step. We report the synthesis of
aza-acenaphthenes in a single step by an unprecedented formal peri-(3 + 2)
cycloaddition of simple quinolines with alkynes. A commercially available iridium
complex exerts a dual role of photosensitizer and photoredox catalyst, fostering a
cyclization/rearomatization cascade. The initial energy-transfer phase leads to the
acenaphthene skeleton, while the ensuing redox shuttling step leads to
aromatization. We applied this technology to 8-substituted quinolines and
phenanthrolines, which smoothly reacted with both terminal and internal alkynes
with excellent levels of regio- and diastereoselectivity. Density functional theory calculations revealed the intertwined EnT/SET
nature of the process and offered guiding design principles for the synthesis of new aza-acenaphthenes.

■ INTRODUCTION

The power of cycloaddition reactions does not exclusively
emanate from the well-choreographed growth of molecular
complexity but climaxes in the generation of valuable
molecular frameworks. Venerable cycloadditions such as the
Diels−Alder reaction have stimulated the disconnection
approach toward natural product synthesis.1 Aza-acenaph-
thenes represent an architecture found in both natural
products (e.g., delavatine A)2 and drug candidates (e.g.,
camptothecin analogue,3 HIV integrase inhibitors4) (Figure
1A). In contrast to acenaphthene, which can be obtained from
coal tar (approximately 0.3%),5 aza-acenaphthenes require
step-intensive syntheses, thus hampering their widespread
utilization in medicinal chemistry endeavors. In the formal
synthesis of (+)-delavatine A, Koert and co-workers leveraged
a visible-light-induced intramolecular ring closure to forge the
ethano bridge from pendant olefins.2b,6a−e Shen, Li, and
Zhang2aas well as Liu and Sarpong2c,dopted for the de
novo formation of the heteroaromatic fragment via intra-
molecular ring closure or condensation from highly decorated
precursors, respectively.3,4,7,8
Recently, energy-transfer photocatalysis (EnT)9a−c emerged

as a pluripotent-enabling tool toward dearomative cyclo-
additions, which are both thermodynamically and kinetically
restrained (Figure 1B).10 Harnessing the energy of visible-light
photons often leads to compressed kinetic barriers
surmountable at room temperatureand prevents undesired
cycloreversion due to highly energetic irradiation. Zheng,
Zhang, and You,11a−c Oderinde,11d,e König,11f Glorius,11g,h and
others11i developed (2 + 2) dearomative cycloadditions of

electron-rich benzo-condensed (hetero)aromatics, both intra-
and intermolecularly. Topological upgrading via remote
position bridgingin a formal (4 + 2) reaction modewas
pioneered by Brown, Houk, and Glorius12a,b in the context of
electron-poor aza-arene dearomative cycloaddition.12c,d

We envisaged that energy transfer might enable the de novo
synthesis of aza-acenaphthenes from simple aza-arenes in a
peri-(3 + 2) cycloaddition fashion. This strategy potentially
obviates the need for prefunctionalized precursorsand thus
tedious syntheses2−4,7,8

and concomitantly fosters user-
friendly modular substitution exploration at the ethano bridge
and the heterocyclic core. Notwithstanding, EnT-based peri-
cycloadditions face proscriptive challenges: (a) diversion of the
usual monocyclic reactivity toward positions located on
different rings, (b) reaction reversibility, and (c) requirement
for rearomatization.13 Cognizant that the synthesis of complex
products can be achieved leveraging domino processes,14 we
envisioned that visible-light photocatalysis could foster both
the cyclization and the rearomatization phase to generate aza-
acenaphthenes (Figure 1C). Specifically, energy transfer can
potentially empower the cyclization stage, while the ensuing
phase would leverage the electron-shuttle ability of the
photocatalyst. Thus far, the multiple EnT/SET photocatalytic
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activation modeindependently pioneered by Lu and Xiao15a
and Gilmour and co-workers15bhas remained largely
circumscribed to dinitrogen extrusion15a,c−f and E → Z
isomerization.15b,g,h
While dearomative thermal (3 + 2) cycloaddition

reactionsutilizing in particular nitrosubstituted aromatics
have reached remarkable levels of sophistication,16 the
corresponding energy-transfer-based reactions have remained
elusive. In this report, we present the successful implementa-
tion of a “two-phase” approach based on a single photocatalytic
species capable of generating aza-acenaphthenes from simple
quinolines and alkynes. Leveraging two distinct activation
modesnamely, triplet energy- and single-electron transfera
peri-(3 + 2) cycloaddition (cyclization phase) was efficiently
coupled with a rearomatization phase.

■ RESULTS AND DISCUSSION

Reaction Development. Quinolines can undergo efficient
energy-transfer quenching of photoexcited [Ir(dF(CF3)-

ppy)2(dtbbpy)][PF6] ([Ir-F][PF6], ET = 61.8 kcal mol−1).12b
Initial attempts to achieving the desired (3 + 2) cycloaddition
with unsubstituted quinoline, 3-trifluoromethylquinoline and
dimethyl 1,8-naphthalene carboxylate were unsuccessful, with
no detectable peri-bridged product (Table 1, upper). We

postulated that tuning the redox properties by installing
electron-withdrawing groups (EWGs) at different ring
positions could divert the initial alkyne addition to the desired
rearomative phase. In fact, initial density functional theory
(DFT) calculations suggested that EWG groups could render
the turnover of Ir(II) to Ir(III) in the rearomatization phase
thermodynamically more feasible. Attempts with methyl 6-

Figure 1. (A) Aza-acenaphthene scaffolds in natural products and
medicinal chemistry-relevant compounds. Common synthetic dis-
connections. (B) Energy-transfer-based cycloaddition reactions
toward topological upgrading. (C) Our strategy: two-phase approach
toward peri-bridged aza-acenaphthenes.

Table 1. Initial Feasibility Screening, Selected Optimization,
and Condition-Based Sensitivity Screeninga,b,c,d,e

aScreening conditions: aza-arene (0.1 mmol, 1.0 equiv), 2a (0.5
mmol, 5.0 equiv), [Ir(dF(CF3)ppy)2(dtbbpy)][PF6] (2 μmol, 2 mol
%), HFIP (500 μL, 0.2 M), 18 W 405 nm LEDs, 25−30 °C, 16 h.
Yields are reported in %. bStandard reaction conditions: 1a (0.1
mmol, 1.0 equiv), 2a (0.5 mmol, 5.0 equiv), [Ir-F][PF6] (2 μmol, 2
mol %), solvent (500 μL, 0.2 M), 18 W 405 nm LEDs, 25−30 °C, 16
h. cYields were obtained using 1H NMR spectroscopy with mesitylene
as the internal standard. dUsing HFIP (500 μL, 0.2 M) as the solvent.
eHCl 4 M in 1,4-dioxane was used. For experimental details, see the
Supporting Information.
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quinoline carboxylate, 8-cyanoquinoline, ethyl quinoline-8-
sulfonate, and N,N-diethylquinoline-8-carboxamide proved
unfruitful. Conversely, methyl(quinolin-8-yl)methanone and
phenanthroline showed promising reactivity (59% and 23%
yields, respectively). Replacing the ketone group for 8-
substituted ester 1a, with 5-decyne 2a in hexafluoro-2-propanol
(HFIP, pKa = 9.3)17a−c and 405 nm light irradiation delivered
peri-bridged product 3a in a 61% yield and with excellent anti-
diastereoselectivity (>95:5 d.r.).
Compared to the reaction of 1a with enol esters, which

proceeds in (2 + 2) cycloaddition fashion,12d alkyne 2a affords
exquisite peri-(3 + 2) selectivity. 2,2,2-Trifluoroethanol (TFE,

pKa = 12.4),17d methanol, or dichloromethane as the solvent
proved unsuitable (entries 2−4), but to our surprise, the
addition of Brønsted acid completely suppressed product 3a
formation (entry 5). Reducing or increasing the excess of
alkyne partner caused the yield to decrease slightly to 49 and
51%, respectively (entries 6 and 7). Irradiation at 450 nm was
less effective (36%, entry 8), and conduction of the process in
darkness or without [Ir-F][PF6] photocatalyst confirmed that
both visible-light and photocatalyst are required (entries 9 and
10). Condition-based sensitivity screening19 revealed the
detrimental effect of molecular oxygen and high light intensity.
In the former case, O2 can act as a triplet quencher, while the

Figure 2. Selected mechanistic experiments. (A) Stern−Volmer quenching analysis for quinoline (1b) (a), methyl quinoline-8-carboxylate 1a (b),
and 5-decyne 2a (c). (B) Photocatalyst screening. aReaction conditions: 1a (0.1 mmol, 1.0 equiv), 2a (0.5 mmol, 5.0 equiv), photocatalyst (2 μmol,
2 mol %), HFIP (500 μL, 0.2 M), 18 W 405 nm LEDs, 25−30 °C, 16 h. bYields and conversions (in parentheses) were obtained using 1H NMR
spectroscopy with mesitylene as the internal standard. c365 nm LEDs were used. d20 mol % benzophenone was used. E1/2 (given vs SCE) and ET
values were obtained from refs 18. (C) Kinetic profile of the reaction. Performed according to Table 1, entry 1, using quinoline 1a (0.1 mmol) and
alkyne 2a (5.0 equiv). (D) Reaction in HFIP-d1. (E) Reaction initial rate kinetic profile at different light intensities [1 W (green) and 2 W (blue)].
Performed according to Table 1, entry 1, using quinoline 1a (0.1 mmol) and alkyne 2a (5.0 equiv). Slope uncertainties are reported at 2σ (∼95.4%
in normal distribution). For experimental details, see the Supporting Information. bpy = 2,2′-Bipyridine, dF(CF3)ppy = 2-(2,4-difluorophenyl)-5-
trifluoromethylpyridine-N,C20, dF(Me)ppy = 2-(2,4-difluorophenyl)-5-methylpyridine-N,C20, dtbbpy = 4,4′-di-tert-butyl-2,2′-dipyridyl, Mes2Acr-
(tBu)2 = 3,6-di-tert-butyl-9,10-dimesitylacridinium, n.d. = value not defined in the literature, and ppy = 2-(2-pyridinyl)phenyl-C,N.
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latter instance can be tentatively ascribed to the photo-
promoted product decomposition. Modest variations in
concentration, wet solvent, reduced or increased temperature,
reduced light intensity, and irradiation with a 425 nm light
source were largely inconsequential to the reaction yield, thus
testifying to the robustness of the reaction protocol.
Mechanistic Investigation. To shed light upon our dual

EnT/SET mechanistic hypothesis, we conducted thorough
mechanistic experiments. The Stern−Volmer luminescence
quenching analysis using quinoline (1b), quinolyl ester 1a, and
5-decyne 2a showed that both heteroaromatic speciesalbeit
with different efficiencycan quench [Ir-F][PF6]. On the
other hand, 5-decyne (2a) did not significantly attenuate [Ir-

F][PF6] fluorescence (Figure 2a). Considering that quinoline
(1b) does not productively react in the reaction suggests that
the efficient photocatalyst quenching is not the sole parameter
that determines the desired reactivity. We then examined
different organic- and metal-based photocatalysts, covering a
wide ET and redox window (Figure 2b). A distinctly
nonmonotonous relationship between yield and triplet energy,
showing a “sweet spot” at 62−63 kcal mol−1 (entries 4 and 5),
was observed. This observation questions the operativity of a
purely EnT-based pathway.20 Sensitizers with increasingly high
triplet energiesthioxanthone (entry 3), benzophenone
(entry 2), and fac-[Ir(CF-pmb)3] (entry 1)failed at
providing substantial amounts of 3a, thus suggesting that

Figure 3. (A) Calculated energy diagram (in kcal mol−1) for the reaction of quinoline 1a with 3-hexyne (2b). Superscripts correspond to the spin
state. CSS = closed-shell singlet, OSS = open-shell singlet, D = doublet, T = triplet. (B) Calculated transition state structures and relative Gibbs free
energies (in kcal mol−1) for peri-(3 + 2) cycloaddition, (2 + 2) cycloaddition, and (4 + 2) cycloaddition. Distances are given in angstrom (Å). For
computational details, see the Supporting Information.
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elevated ET alone does not suffice as the criteria for efficient
photocatalysis. Extremely reducing fac-[Ir(CF-pmb)3]
(E1/2PC*/PC+• = −2.14 V vs SCE, entry 1) and fac-[Ir(ppy)3]

(E1/2PC*/PC+• = −1.73 V vs SCE, entry 6) did not afford any
product, thus speaking against a combination of EnT/oxidative
quenching. Photocatalysts possessing ET values below 60 kcal

Table 2. Substrate Scope with (A) Disubstituted Alkynes, (B) Monosubstituted Alkynes, and (C) Aza-arenesa,b,c,d,e,f

aIsolated yields are reported, regio- and diastereoselectivities were higher than 95:5. Standard reaction conditions: 1 (0.2 mmol, 1.0 equiv), 2 (1.0
mmol, 5.0 equiv), [Ir-F][PF6] (4 μmol, 2 mol %), HFIP (0.2 M), 18 W 405 nm LEDs, 25−30 °C, 16 h. br.r. Value of the crude reaction mixture is
approximately 1:1. cReaction was performed at 0.175 mmol scale. The d.r. ratio refers to the peri-substituents. No diastereoinduction from the
quaternary stereocenter could be observed. d10 equiv 2a, 4 mol % [Ir-F][PF6] were used, and the reaction time was increased to 60 h. eRing-
opening side product was observed. The crude yield was determined by 1H NMR, using mesitylene as the internal standard. f10 equiv 2a, 4 mol %
[Ir-F][PF6] were used, and the reaction time was increased to 48 h. For experimental details, see the Supporting Information. Cyp = cyclopentyl;
pTol = para-tolyl.
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mol−1 (entries 6−8) performed equally unsatisfactorily, even
when a highly oxidizing acridinium-based photocatalyst was
used (E1/2PC*/PC‑• = +2.00 V vs SCE, entry 9). Kinetic
profiling of the reaction between 1a and 2a revealed complete
starting material consumption within 6 h, following a pseudo-
first-order kinetic (Figure 2C). Cyclic voltammetry measure-
ment of the reduction potential of 1a (Ep/2 = −1.87 V vs SCE
in MeCN) revealed that *[Ir-F][PF6] cannot undergo
oxidative quenching with the substrate (paragraph 8.5 in the
Supporting Information).
To gain further insight into the mechanism of the

diastereoselective (3 + 2) cycloaddition, we performed density
functional theory (DFT) calculations on the reaction of
quinoline 1a with 3-hexyne (2b) at the ωB97X-D/def2-
QZVPP + SMD (Eps = 16.7; EpsInf = 1.625625)//ωB97X-D/
def2-TZVP + SMD (Eps = 16.7; EpsInf = 1.625625) level of
theory (Figure 3A).21 Initially, triplet quinoline 3A is generated
by energy transfer from the excited photosensitizer *[Ir-F]+ to
8-ester-substituted quinoline 1A. 3A readily reacts with alkyne
2b, likely via spin-crossover from the triplet to the lower-lying
open-shell singlet transition state 1TS1 to yield intermediate
1B or 3B. Subsequent selective C−C bond formation at the
quinoline 4-position via transition state TS2 with an activation
free energy of 12−13 kcal mol−1 on either triplet or singlet
surfaces forms a diradical intermediate C. In comparison, the
radical attack onto the 6- or 8-position required 10.7 and 23.7
kcal mol−1 higher activation free energies, respectively, which
can be rationalized by a significantly increased ring strain in
3TS2a and 3TS2b due to the forming cyclobutene and
bicyclo[2.2.2]octadiene motifs (Figure 3B and Supporting
Figure 31 in the Supporting Information). C is likely to be
oxidized by excited *[Ir-F]+ within a reductive quenching
cycle to yield radical cation 2D. Thermodynamically favorable
deprotonation with 1A or HFIP anion ((F3C)2CHO−) at the
4-position generates intermediate 2E (Supporting Figure 28 in
the Supporting Information). Thereafter, 2E is reduced by [Ir-
F], thus regenerating the active photoredox catalyst [Ir-F]+
and forming anionic intermediate 1F, which subsequently
undergoes 1,2-H shift via 1TS3 with an activation free energy
of 20.9 kcal mol−1. Finally, the facile protonation of 1G with
HFIP via 1TS4 with an activation free energy of only 5.7 kcal
mol−1 delivers the observed, thermodynamically favorable anti-
product 1H. In contrast, the syn-configured product was found
to be 2.7 kcal mol−1 less stable than the anti-diastereomer due
to an increased destabilizing steric interaction between the two
ethyl substituents (Supporting Figure 29 in the Supporting
Information). Reaction performance in HFIP-d1 showed
significant deuterium incorporation (38%) at the peri-bridge,
further supporting the solvent assistance in the proton shift
process (Figure 2D). Furthermore, calculations on quinolines
containing various electron-withdrawing as well as electron-
donating substituents revealed the oxidation of the correspond-
ing intermediate 3C to be thermodynamically more favorable
with electron-poor quinolines (Supporting Figure 32 in the
Supporting Information). In contrast, electron-rich quinolines
resulted in a significantly less facile reduction of intermediate
2E (Supporting Figure 33 in the Supporting Information). An
alternative mechanism involving energy transfer to 1A
immediately followed by single-electron transfer from a second
molecule of excited photosensitizer to 3A is unlikely to be
operative due to an unfeasibly high activation free energy
(Supporting Figure 34 in the Supporting Information).22 In

addition, we observed a linear initial rate growthwithin
experimental uncertaintyupon increasing light intensity
(Figure 2E). This observation for the regioselective (3 + 2)
cycloaddition diverges from the quadratic relationship reported
by König and co-workers,22 further speaking against consec-
utive two-photon processes. Despite an overall two-photon
uptake, according to Figure 3, a linear rate growth suggests that
a single-photon event is involved in the reaction rate-
determining step.23

Synthetic Scope. Under the optimized conditions (Table
1, entry 1), we evaluated a variety of internal alkynes in the
peri-(3 + 2) photocycloaddition reaction with methyl 8-
quinoline carboxylate (1a) (Table 2A). Different aliphatic
chains, ranging from ethyl (3c) to n-propyl (3d), n-butyl (3a),
and n-pentyl (3e) could be installed at the bridging methylene,
with excellent levels of anti-diastereoselectivity (>95:5 d.r.).
Unsymmetrical disubstituted alkynes with similar steric
demand at both ends delivered a separable mixture of
regioisomers (3f, 46% combined yield).
Monosubstituted alkynes delivered the corresponding peri-

bridged quinolines in moderate yields and excellent site
selectivity (>95:5 r.r.) (Table 2B). In particular, the alkyne
terminus was found to join C5, while the internal position
connects to C4. This observation could be rationalized in
terms of the initial attack onto the more sterically accessible
and activated position to deliver substituted vinyl radicals.
Different alkyl substituents, from n-propyl (3g) to n-hexyl

(3h), cyclohexyl (3i), and isoamyl (3j), were introduced at the
C4-proximal bridge position. Methyl ether-containing product
3k could also be obtained in a 31% yield. Benzoyl ester
substitution was equally tolerated (3l). An array of quinoline-
8-ketonesmethyl, cyclohexyl, isopropyl, and cyclopentyl
reacted with terminal alkynes in modest yields (23−30%) and
excellent regioselectivity to provide 3m, 3n, 3o, and 3p,
respectively. Next, substitution at the heteroaromatic core was
evaluated (Table 2C). 8-Quinoline esters featuring allyl (3q),
trimethylsilyl (3r), methylcyclopropane (3s), and cyclohexyl
(3t) groups deliveredwhen reacted with 5-decynethe
desired peri-(3 + 2) cycloaddition products in a 62−70% yield
and with excellent anti-diastereoselectivity. In particular, the
allyl group in 3q offers a potential linchpin to incorporate peri-
bridged quinoline motifs in more elaborated frameworks.
Substituents proximal to the peri-4-position could be
successfully accommodated (3b), as well as functional groups
like highly fluorinated aliphatic chains (3u), aryl chloride (3v),
and basic pyridine centers (3w). The reaction could tolerate
free hydroxy and aliphatic chlorine groups without liability
(3x), as well as sulfones (3y), which can serve as versatile
synthetic intermediates.24 A plethora of 8-quinoline ketones
generated 4,5-peri-bridged quinolines: methyl (3z), isopropyl
(3aa), cyclohexyl (3ab), and cyclopentyl (3ac) ketones were
straightforwardly accommodated in 53−67% yield and with
optimal diastereoselectivity (>95:5 d.r.). Phenethyl (3ad) and
phenyl (3ae) ketone-substituted quinolines showed signifi-
cantly attenuated reactivity, potentially due to unwanted π-
stacking and change in energy-transfer properties, respectively.
Substituted 6-fluoroquinoline delivered 3af in 30% yield and
excellent selectivity. Notably, phenanthrolinein which
carbonyl EWGs are replaced by the condensed aza-arene
afforded C4-C5 peri-bridged product 3ag with excellent anti-
diastereoselectivity. Analogously, neocuproine could deliver
product 3ah in 39% yield. Given the fundamental importance
of phenanthroline-based ligands in coordination chemistry,25
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we can envisage the use of peri-bridged analogues as new
ligands with unique steric properties.
Postsynthetic Modifications. The substituted peri-

bridged quinoline core offers valuable synthetic linchpins
toward further modification (Figure 4). Basic hydrolytic

conditions afforded unprotected 8-quinoline carboxylic acid
(3ai) from the corresponding allyl ester (3q). Ester 3a could
be smoothly converted to the corresponding benzylic alcohol
3aj using lithium aluminum hydride in 55% yield. Further-
more, the free alcohol moiety allows for the conjugation of the
tricyclic core via esterification, such as for product 3ak from
alcohol 3aj. Ketone-bearing quinoline 3ac underwent Grignard
reagent addition to yield sterically encumbered tertiary alcohol
3al in 72% yield.

■ CONCLUSIONS

In the realm of photocatalyzed cycloadditions of (hetero)-
arenes, harnessing peri-(3 + 2) reaction modes represents a
paradigm shift since established manifolds target a single ring
of (hetero)aromatic systems. Overcoming typical monocyclic
(4 + 2), (3 + 2), and (2 + 2) reaction manifolds, the presented
strategy enables the one-step synthesis of challenging peri-
bridged aza-acenaphthenes from simple quinolines and mono-
and disubstituted alkynes. Adjoining seemingly remote carbon
centers leverages a seldom explored energy-transfer/single-

electron-transfer cascade15 using a single photocatalytic
system. Photosensitization of the quinoline moiety permits
the peri-addition process to be both thermodynamically
feasible and kinetically competitive (compressed kinetic
barrier).13 The ensuing SET events underlie an efficient
rearomatization phase, which prevents both undesired cyclo-
reversion and fosters traceless peri-C−H functionalization at
the quinoline core. We anticipate that our findings will spur the
further development of innovative aromatic cycloaddition
technologies based on hybrid EnT/SET events, extending
beyond (4 + 2) and (2 + 2) cycloadditions and targeting
increasingly challenging molecular frameworks.
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