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ABSTRACT: A versatile synthetic route to distannyl-substituted
polyarenes was developed via double radical peri-annulations. The
cyclization precursors were equipped with propargylic OMe
traceless directing groups (TDGs) for regioselective Sn-radical
attack at the triple bonds. The two peri-annulations converge at a
variety of polycyclic cores to yield expanded difunctionalized
polycyclic aromatic hydrocarbons (PAHs). This approach can be
extended to triple peri-annulations, where annulations are coupled
with a radical cascade that connects two preexisting aromatic cores
via a formal C—H activation step. The installed Bu;Sn groups serve
as chemical handles for further functionalization via direct cross-
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coupling, iodination, or protodestannylation and increase solubility of the products in organic solvents. Photophysical studies reveal
that the Bu;Sn-substituted PAHs are moderately fluorescent, and their protodestannylation results in an up to 10-fold fluorescence
quantum yield enhancement. DFT calculations identified the most likely possible mechanism of this complex chemical
transformation involving two independent peri-cyclizations at the central core.

B INTRODUCTION

Nanographenes (NGs), large polycyclic aromatic hydro-
carbons (PAHs), and graphene nanoribbons (GNRs) have
found widespread applications in optoelectronic devices.'™ "
The broad interest in these carbon-rich molecules stems from
their promising physical properties, which can be modulated
through their size, edge topology, and substitution."' ™

Synthetic top-down approaches to GNRs generally lack the
precision needed to achieve uniform widths and well-defined
edge structures. On the other hand, bottom-up protocols
which build NGs and GNRs from small PAH building blocks
build size and complexity in a controlled fashion."”™>" The
synthetic toolset available for the bottom-up preparation and
modification of PAHs, NGs, and GNRs expands continuously
to fine-tune their electronic properties and improve their
solubility and processability. The high energy content and
carbon-richness of alkynes makes them a privileged functional
group within this reaction toolset.”” "> Yet, most of the
available examples of alkynes being used in the preparation of
these carbon-rich molecules concentrate on extension at the
armchair edge of the polycyclic framework, while alkyne
annulations at the zigzag edge remain remarkably scarce
(Scheme 1).*%7

Recently, our group reported radical peri-annulations at the
zigzag edge of acene moieties through a traceless directing
group (TDG) approach.*® In the past, this strategy allowed for
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the synthesis of fused helicenes and “defect-free” polycyclic
aromatics in a modular and scalable way.*’™>* In these
transformations, the TDG serves two critical roles. First, it
ensures the chemo- and regioselective Sn attack at the desired
alkyne carbon. Second, it facilitates the final aromatization step
of the reaction cascade by undergoing S-radical elimination
(Scheme 2a). The TDG-guided peri-cyclizations allow for the
zigzag edge extension of various acene precursors via
benzannulation. The initially formed cyclic products can be
trapped by either oxidative or nonoxidative pathways giving
rise to polycyclic ketones or destannylated derivatives,
respectively (Scheme 2b).

Herein, we disclose how two TDG-guided peri-annulations
can start at opposite termini and converge at a common
polycyclic core. Not only does the dual cascade of radical peri-
annulations achieve the 2-fold 7-extension at zigzag edges of
PAHs (Scheme 2c), but it also—in contrast to our previous
work—circumvents the need for external oxidizing or reducing
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Scheme 1. Left: peri-Annulations Allow Benzannulations at
the Zigzag Edge of Polyarenes; Right: Single peri-
Annulations Produce Odd-Alternant Polycyclic Systems
That Are Not Classic Kekulé Structures”

Single peri-

at the armchair edge

‘annulation’

odd-alternant systems
non-Kekulé structures

Double peri-annulations

‘peri-annulation’

=

'2+4'

Benzannulations at the zigzag edge

‘ortho-annulation’

B, r fully aromatic products
at the armchair edge

“Double peri-annulations give rise to “normal” aromatic products.
radical, cation, anion.

agents. Unlike the single peri-cyclization that provides a non-
Kekulé polycyclic system with an odd number of carbons, the
products of the double peri-cascade can undergo full
aromatization simply through the elimination of MeOH
(derived from the TDG). In this design, the TDG takes an
additional role: not only does its presence assist in the selective

cascade initiation but its departure also terminates the reaction,
aromatizing the ring. Furthermore, the newly installed Bu;Sn
groups increase solubility and open up avenues for further
downstream derivatization.

B RESULTS AND DISCUSSION

Our exploration of the double peri-annulation started with the
naphthalene system. The model bis-propargyl derivative 1b
was prepared from naphthalene-1,4-dicarbaldehyde in a one-
pot procedure that included the nucleophilic addition of
lithium acetylide to the aldehyde followed by quenching with
Mel (Scheme 3). Subjecting 1b to the initial cyclization
conditions gave rise to the desired 1,8-diphenyl-2,7-distannyl-
pyrene (2b) in a 7% yield with 11% unreacted starting material
recovered (Table 1, entry 1). Attempts to isolate and identify
side products were unfruitful given the low quantities in which
they are formed as well as their instability. Inspection of the
NMR spectrum of the reaction mixture suggests that the
competing reactions are numerous and nonspecific. Never-
theless, despite the low yield, the target distannylpyrene was
formed as the major isolable product.

With this initial result, we searched for the optimal reaction
conditions with alkyne 1b as the substrate (Tables 1 and S1).
First, we found that an increase in the amount of initiator
helped to achieve full starting material conversion and increase
the pyrene formation (Table 1, entry 2). Replacing 2,2’
azobis(2-methylpropionitrile) (AIBN) for non-azo thermal
initiators led to sluggish and nonspecific decomposition of the

Scheme 2. Evolution of the MeO-TDG Guided Sn-Radical Cyclizations”
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Scheme 3. Double peri-Annulation on the Naphthalene System and Numbering for the Pyrene Core
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Table 1. Optimization of the Sn-Promoted Double Radical
Cyclization of Alkyne 1b

SnBus
Bu3SnHI|n|t|ator
condltlons
SnBuj
2b
initiator
entry reagent (equiv) (equiv) conditions yield
14 Bu;SnH (2.2)  AIBN (0.4) toluene, reflux, 15 h 7%
27 Bu,SnH (2.2) AIBN (0.8) toluene, reflux, 15 h 21%
3¢ Bu;SnH (2.2) ACHN (0.8)  toluene, reflux, 15 h 22%
4 Bu,SnH (2.2) ACHN (1.2) toluene, reflux, 15 h 26%
5 Bu,SnH (2.2) ACHN (1.6)  toluene, reflux, 15 h 31%
6" Bu;SnH (2.2)  ACHN (1.6)  toluene, reflux, S h 38%
7¢ BuySnH (2.2) ACHN (1.6) toluene, reflux, 15 h 18%
8"  BuySnH (40)  ACHN (1.6) toluene, reflux, 15 h 37%
9®  BuSnH (22)  ACHN (16)  PhCE, reflux, 1Sh  29%
10°  BusSnH (22)  ACHN (1.6)  ODCB, 140 °C, 15h  10%

“Initial Starting material concentration: 0.04 M. bInitial Starting
material concentratlon 0.02 M. “Initial Starting material concen-
tration: 0.01 M. “Conversion for entry 1 was 89%. ODCB = o-
dichlorobenzene. Bu;SnH/initiator mixtures were added over the
course of 3 h via syringe pump.

starting material (Table S1). In contrast, yields improved when
the more thermally stable 1,1’-azobis(cyclohexanecarbonitrile)
(ACHN) initiator was used (Table 1, entries 3—5). The
correlation between equivalents of initiator and the increase in
desired product formation tapered off at initiator loads
exceeding 1.6 equiv. These observations suggest that the
radical chain propagation in this reaction is ineflicient.
Furthermore, the thermal initiator may play a second role
where it functions as an oxidizing agent in a hydrogen-atom
abstraction event at a later reaction stage.53

To explore whether oligomerization could impact the yields,
we varied the initial concentration of the starting material.
Slight dilution (0.02 M reactant concentration) was better than
the initial conditions (entry 6). However, further dilution
proved to be counterproductive (0.01 M, entry 7). NMR
analysis showed that the formation of product is stopped after
S h, even when side reactions seem to be progressing—
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evidenced by color changes and TLC variations. A switch from
toluene to aromatic solvents that lack labile C—H bonds was
used to probe for the possible involvement of H atom
abstraction as a side reaction decreasing the product yield
(entries 9 and 10 and the SI). However, the use of a,a,a-
trifluorotoluene (entry 9) slightly lowered the yield of the
desired product. Also, the use of o-dichlorobenzene along with
higher reaction temperatures (140 °C) was detrimental for the
desired reaction (entry 10).

The importance of the directing interaction between the
OMe group and Sn-centered radicals, a process that briefly
became controversial before being convincingly addressed by
Hale and co-workers,”* ™" was confirmed by testing various
radical sources. Sn-centered radicals (Ph;SnH or Bu;SnH)
substantially outperformed other radical sources (Si-centered
radicals, Togni II, and RB(OH),/Mn™). The use of different
propargyl ether TDGs also lowered the reaction yields (Table
S1).

Finally, we probed the stability of the product by subjecting
compound 2b to the optimized reaction conditions. No
decomposition occurred after 15 h, and the starting material
was recovered in its entirety (Table S1).

With the optimized conditions in hand, we evaluated the
reaction scope by preparing a selection of 1,4-disubstituted
naphthalenes and subjecting them to the reaction conditions.
Through our method, a series of 1,8-disubstituted-2,7-
distannylpyrenes were prepared in moderate yields (Scheme
4, products 2a—e). The reaction was tolerant for alkyl
substituents, extended aromatics, and electron-donating groups
(2a, 2c, and 2d, respectively). The presence of a nitrile
substituent negatively impacted the reaction yield (24% of 2e),
possibly due to the undesired reactivity of nitriles toward
radicals as a competing reaction.

To our knowledge, this is the first report where the 1,2,7,8-
substitution pattern on pyrenes is accessed straightforwardly
(Scheme 3). In order to obtain the closest analogue (i.e., 1,8-
disubstituted 6pyrenes) , multiple separations from its 1,6-isomer
are required.”” Additionally, with our approach, the two Sn-
functionalities in the cyclized products serve as solubilizing
groups and chemical handles for further derivatization. For
example, reacting the distannypyrenes with I, transforms them
into their diiodo counterparts (3a—e). This polarity reversal—
from nucleophilic to electrophilic—expands the possibilities
for their derivatization through cross-coupling transformations
(e.g., Stille, Suzuki, and Sonogashira). Similarly, protodestan-
nylation of the distannylpyrenes gives access, in near-
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Scheme 4. Synthesis of 1,8-Substituted-2,7-bis-stannylpyrenes through the Sn-Radical Cyclization Approach and Their

Derivatization to the Iodinated and Destannylated Products
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quantitative yields, to compounds 4a—e where the Bu;Sn
groups have been removed. This ability to remove Sn groups
with acid may be used as a precipitation technique for
depositing these conjugated molecules out of solution with
good degree of spatial control.

In the next step, we explored the expansion of the double
peri-annulation to larger polycyclic cores. With anthracene, an
added layer of diversification for accessible products is
introduced. Depending on where the pendant propargyl-
ether groups are located on the starting material (ie., 1,4—1,5
or 9,10), the products of the bis-cyclization can give 2,7-
bis(tributylstannyl)benzo[e]pyrenes or 2,8-bis-
(tributylstannyl)perylenes (Scheme S, products 2g and 2h,
respectively).

For the 9,10-anthracene propargyl ether 1f, two isomeric
polycyclic products were formed (benzo[e]pyrene 2f and
perylene 2f') in a 2 to 3 ratio. Although the two products
coelute from column chromatography, crystals of 2f" can be
grown from the two-component mixture. Single crystal X-ray
analysis confirmed the perylene structure of 2f'. The solid-state
structure of this compound shows that the presence of bulky
Bu;Sn groups forces the perylene moiety to pack in staggered
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sheets to allow for the perpendicular contortion of the
neighboring phenyl groups (~96° dihedral in Scheme 6).
With this geometric feature, conjugation from the phenyl
groups into the central core is broken, and potential 7—x
interactions between the perylene groups are thwarted.
Triple peri-Cyclization: Combination of Nonoxidative
and Oxidative Aromatization Strategies. In addition to
the expansion of the double peri-annulations to anthracene, we
explored the preparation of peropyrenes through a triple peri-
cyclization of bis-naphthalene 1i (Scheme 7). For the earlier
extended cyclizations where two vinyl radicals converge on a
single core, full aromatization is readily achieved via the loss of
two MeOH molecules. Hence, no additional reduction or
oxidation is needed. In contrast, for substrate 1i, the partially
aromatized polycycle generated after elimination of the TDGs
must undergo dehydrogenative oxidation to form the final
product (Scheme 7). We were encouraged by precedent from
our lab where a similar oxidation step was accomplished by
using an excess of the radical initiator.” Gratifyingly, the triple
peri-annulation on the bis-naphthyl precursor 1i successfully
proceeded all the way to bis(tributylstannyl)peropyrene 2i
under this operationally simple one-pot procedure. The 11%

https://dx.doi.org/10.1021/jacs.0c01856
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Scheme S. Expansion of the peri-Annulations to Different Polycyclic Aromatic Cores”
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yield of the final product corresponds to an ~75% yield per
elementary step. Further optimization of the reaction
conditions for this system will be pursued in the future.

The triple peri-annulation couples the two Sn-radical
initiated nonoxidative cyclizations with an additional oxidative
cyclization. The in situ oxidation step with ACHN-derived
radicals, that converts the binaphthyl moiety into a perylene
core en route to the final peropyrene product, is synthetically
equivalent to the Scholl reaction but without the need for a
harsh oxidant (e.g., FeCl).

Strategies for Further Synthetic Expansions. Like their
pyrene counterparts, the distannylperopyrenes, benzopyrenes,
and perylenes can be easily converted to the diiodo and
destannylated analogues in excellent yields (see SI).
Furthermore, the diiodo polyarenes offer multiple opportu-
nities for the rapid z-extension of polycyclic frameworks
(Scheme 8). Here, the modularity of the R groups and cross-
coupling partners allows for the design of reaction sequences
that give access to extended polysubstituted polyarenes.
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As a proof-of-concept for such opportunities, we have used a
peri-annulation/ cross-coupling/cyclodehydrogenation cascade
to prepare the decacyclic product 10, which can be considered
a fusion of two phenanthrene moieties on a pyrene core
(Scheme 9). In this instance, the original phenyl group was
switched for a 4-tert-butylphenyl group that can improve
solubility for the later steps of the synthetic sequence. The
substituent selection on the 1, 2, 7, and 8 positions also allows
for a final cycloaromatization reaction to access fully
conjugated products. This way, diiodinated product 3j was
prepared from compound 1j (1.89 mmol) on a gram scale
through a one-pot peri-annulation/iodination sequence (32%
yield). An advantage of the diiodo derivatives over their
distannyl counterparts is their increased stability during
column chromatography. A double Suzuki cross-coupling of
the diiodide 3j with 4-tert-butylphenylboronic acid proceeded
in excellent yield (80%) to produce tetrakis(4-(tert-butyl)-
phenyl)pyrene 9. In the final step, the latter was cyclized to the
target compound 10 through a Scholl reaction in a 59% yield

https://dx.doi.org/10.1021/jacs.0c01856
J. Am. Chem. Soc. 2020, 142, 8352—8366
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Scheme 7. Triple Radical peri-Annulation for Binaphthalene
1i Where an Extra In Situ Oxidation Step Converts a
Binaphthyl Moiety into a Perylene Core on Route to the
Peropyrene Product 2i
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(4 steps from 1j; 15% overall yield).”> One can envision how
the choice of the central aromatic core, R groups, and cross-
coupling partners would allow for the access of a vast number
of carbon-rich structures. Similarly, oligomerization and
polymerization through cross-coupling of the electrophilic
and nucleophilic building blocks can, in principle, provide a
modular approach to novel NG and GNR architectures.
Several topologies could be readily accessible by mixing and
matching the difunctionalized polyarene building blocks
available through this method. Efforts are underway by our
group in these directions.

Photophysical Properties. Pyrenes and peropyrenes are
among the most popular chromophores. They often have high
fluorescence quantum yields, form long-lived singlet excited
states, and display interesting photophysical features such as
excimer and exciplex formation.’”®* These properties have led
to a broad range of applications, including organic light-
emitting diodes (OLEDs), organic field-effect transistors
(OFETs), and organic photovoltaic cells (OPVs).*® Further-

more, pyrenes have been used as sensors for temperature,
pressure, pH, and a variety of chemical analytes.”® Peropyrenes
are also of hi§h interest as potential singlet fission
chromophores.””**

The new synthetic route reported here allows, for the first
time, access a previously unavailable substitution pattern that
breaks the symmetry of the pyrene core and introduces
polarization to its z-system.

Table 2 contains a summary of the photophysical properties
of a representative group of the new polycyclic products.

Our investigation began with the pyrene series shown in
Scheme 4. In general, the pyrene series presents absorption
and emission features that are mirror images of each other,
indicating that the same electronic states are involved in both
phenomena (i.e., absorption and emission; Figure 1, left) with
Stoke’s shifts that range from 1940 to 3950 cm ™.

The presence of iodine atoms in diiodopyrenes Py-nBu-I
(3a) and Py-Ph-I (3b) quenches emission, likely due to
facilitated intersystem crossing into the triplet state.”””® In
contrast, the bis(tributylstannyl)pyrenes, Py-nBu-Sn (2a) and
Py-Ph-Sn(2b), are moderately fluorescent—their ~5% emis-
sion quantum yields display >50-fold increase relative to those
of the diiodopyrenes. Interestingly, while their absorption and
emission energies remain practically unperturbed by changing
the R groups from n-butyl to phenyl, the bis-naphthyl
derivative, Py-Np-Sn (2c), is nearly ten times more fluorescent.
The drastic increase in the emission quantum yield is mostly
derived from the enhancement in the rate of radiative decay
(k,).

The fluorescence quantum yields increase further in
protodestannylated compounds 4a,b (Py-nBu-H and Py-Ph-
H). The absence of Bu;Sn groups decreases the nonradiative
decay rates (k,) by nearly half relative to the Bu,Sn-
substituted counterparts 2a,b. These observations suggest an
interesting stereoelectronic scenario where the additional steric
bulk by the Bu;Sn group forces the phenyl groups out of
conjugation with the central core.”" This twisting can be clearly
observed in the crystal structure of 2f" in Scheme 6.

The fluorescence increase caused by protodestannylation is
further enhanced for diphenylpyrene 4b, where a change in
conjugation accounts for a >5-fold increase in quantum yield
and ~10-fold increase in k, relative to its n-butyl substituted
counterpart, Py-nBu-H (4a) (Figure 1, right). Interestingly,
removal of the Bu;Sn group has a less pronounced impact on
the naphthyl pair 2¢/4c, possibly due to the naphthyl group

Scheme 8. Double peri-Annulation Approach for the Rapid Construction of Extended PAHs

Polycyclic
Core
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Scheme 9. Preparation of 2,11,14,21-Tetra-tert-butylpentabenzo[a,c,m,o,rst|pentaphene 10 Starting from Cyclization

Precursor 1j and X-ray Structure of Compound 10

tBu l

1. BusSnH/ACHN
toluene, reflux

4h

t-Bu

t-Bu \©\
B(OH),

Pd(PPhs), , K,CO3

— 2 e e,

toluene/H,0, reflux

Table 2. Photophysical Properties of Select Samples in CH,Cl,

emission at rt”

compound absorbance A (nm) [e (X10* M~ cm™)]
pyrene 337 [4.8]
Py-nBu-I (3a) 357 [5.2]
Py-Ph-I (3b) 355 [4.5]
Py-nBu-Sn (2a) 360 [5.2]
Py-Ph-Sn (2b) 359 [3.3]
Py—Np-Sn (2¢) 359 [3.9]
Py-nBu-H (4a) 353 [4.5]
Py-Ph-H (4b) 361 [8.1]
Py—Np-H (4c) 353 [2.2]
Py-PhOMe-H (4d) 363 [4.3]
Py-PhCN-H (4e) 366 [1.5]
BzPy-tBuPh-H (4g) 359 [1.4]
Per-tBuPh-Sn (2h) 463 [2.1]
Per-tBuPh-H (4h) 450 [0.5]
tetra-Ph-Py 9 359 [6.6]
Fused Py 10 429 [3.9]

Amax (nm) 7 (ns) Dy (%) k. (x 10° 571 k, (x 107 s71)°
373 - 52 - —e
388 154 <0.1 -f -f
404 8.2 <0.1 - -f
390 112 53 47 8.4
392 8.7 4.9 5.6 10.9
390 4.0 44 109.0 139
380 23.7 9.1 3.8 38
395 10.1 47 435 5.6
403 53 61 115.0 7.4
409 3.4 71 210.0 8.6
428 22 78 359.0 10.1
418 9.0 26 29.1 8.3
472 1.4 11 80.3 65.0
519 7.8 89 113.0 14
411 20.6 12 5.8 43
459 226 32 142 3.0

“Emission data acquired using dilute solutions (~5 X 1077 M). bk, = @/z. %k, = (1 —®)/7. dPyrene’s subnanosecond lifetime was faster than the
instrument response time and was therefore unable to be measured. “Unable to calculate without lifetime. /Quantum yield was too low to give a

reliable result.

—— Py-nBu-H (4a)
—— Py-nBu-I (3a)
—— Py-nBu-Sn (2a)

e o 9°

Normalized Intensity
o

0.0+

Wavelength (nm)
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2 —— Py-nBu-H (4a)
9 0.4 —— Py-nBu-Sn (2a) |
S —— Py-Ph-H (4b)
b~ — o -
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T
N
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Figure 1. Left: Normalized absorption (solid line) and emission (dashed line) spectra for the nBu-substituted pyrene family. Right: Emission
spectra for nBu-pyrenes and phenyl pyrenes before and after protodestannylation.

being too bulky to conjugate with the pyrene core even when
Bu;Sn has been removed. When compared to pyrene, the
diarene substituted pyrenes 4b and 4c display enhanced
emission with 9- and 12-fold higher quantum yields,
respectively. These observations and increased k, are
symptomatic of an increased “allowedness” of the S;—S,
transition. Presumably, electronic delocalization onto the
nonorthogonal phenyl groups breaks the symmetry of the

pyrene core and makes the photochemical transition more
probable. The addition of electron donor (Py-PhOMe-H, 4d)
or acceptor (Py-PhCN-H, 4e) groups should break the
symmetry further by increasing polarization. The observation
of a marked increase in the k, and quantum yields for these
molecules strengthens this hypothesis.

Benzo[e]pyrene 4g resembles pyrene and benzopyrene in its
photophysical behavior, albeit with a small increase in k,.
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Scheme 10. TD-DFT (Tables; Top and Bottom) and EDDB (Plots, Center) Computations for a Series of Polyarylated Pyrenes
Performed at the TD-(SMD=DCM)/M06-2X/6-311++G(d,p) Level of Theory”

excited state (nm) osc. strength excited state (nm) osc. strength excited state (nm) osc. strength
1 319 0.599 1 343 0.902 1 363 1.127
2 309 0.003 2 319 0.006 2 329 0.011
3 265 0.000 3 275 0.001 3 284 0.000
Py 4b 1,3,6,8-tetraPh-Py
excited state (nm) osc. strength excited state (nm) osc. strength
1 343 1.087 1 402 1.241
2 333 0.000 2 380 0.000
3 285 0.688 3 316 0.589

“Oscillator strengths highlighted in blue (and bold) indicate allowed transitions. Oscillator strengths highlighted in red (and not bold) indicate

forbidden transitions.

Finally, distannylperylene 2h (Per-tBuPh-Sn) exhibits similar
structured absorption and emission as unsubstituted perylene
but with attenuated emission quantum yield and a shorter
excited state lifetime. In contrast, the spectral features 4h (Per-
tBuPh-H), lacking the Bu;Sn moieties, are broadened while
retaining the high emission quantum vyield. Overall, the
presence of Bu,Sn seems to have two substantial effects: (1)
it increases steric hindrance to force orthogonality of the
phenyl rings to the chromophoric core of a Per-tBuPh-Sn (2h)
much more closely resembles perylene, and (2) like with the
pyrene derivatives, the Bu;Sn introduces additional vibrational
relaxation pathways that increase nonradiative decay rates.

Finally, when analyzing the effect of additional aryl ring
substitution on the photophysics of the parent core (going
from diphenylpyrene 4b to tetra-Ph-Py 9), the tetrasubstituted
pyrene 9 has a maximum absorbance at 359 nm. The lack of a
bathochromic shift hints that some of the aryl rings are out of
conjugation, making this chromophore behave as 4b, albeit
with a larger Stoke’s shift (~S0 nm). After Scholl cyclo-
dehydrogenation, an ~70 nm bathochromic shift in
absorbance from 9 to 10 demonstrates that the planarization
allows for better electronic communication through the
extended system.

Computational Analysis. Time-dependent DFT (TD-
DFT) was used to evaluate the nature of the excited states
whereas the electron density of the delocalized bonds’>
(EDDB) was used to “quantify” and visualize aromaticity in
our systems. The EDDB function is derived from unperturbed
one-electron densities, directly relating it to chemical
resonance. The calculations were performed on a series of
aryl-substituted pyrenes to investigate the effect that
conjugation and the partial removal of the wave function
symmetry constraints have on the photophysics (Scheme 10).
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As expected, the increase in conjugation from the aryl
substituents on diphenylpyrene 4b, when compared to pyrene
(illustrated by their EDDV plots; Scheme 10), causes an ~25
nm bathochromic shift on the 4,,, of 4b, as well as a marked
increase in the transition probability (showcased by an ~50%
increase in the magnitude of the oscillator strength). The
additional conjugation for the 4-fold symmetric 1,3,6,8-
tetraphenylpyrene (1,3,6,8-tetraPh-Py) follows the trend
featuring an ~23 nm shift in absorbance and a 25% increase
in oscillator strength from diphenylpyrene 4b.

In contrast, for compound 9, the conjugation from two of
the aryl groups seems to be “turned off” likely due to the
presence of nodal planes on the LUMO of the pyrene’s core
(localized on positions 2 and 7). This is clearly observed with
the EDDB plot for compound 9 where two of the phenyl
groups appear orthogonal to the z-system and is further
evidenced by a hypsochromic shift in its computed first excited
state absorbance relative to 1,3,6,8-tetra-Ph-Py. As previously
discussed, this structural feature makes the photophysics of
compound 9 similar to that of a disubstituted pyrene (4b).
Interestingly, an additional photochemical transition is allowed
for 9, likely due to its lower symmetry in comparison to
1,3,6,8-Ph-Py. Finally, after Scholl cyclization of 9, compound
10 enjoys full conjugation throughout the polycyclic system
which may be appreciated from its EDDB plot and a 59 nm
red-shift in the absorbance for the first excited state (and a 31
nm shift for its third transition).

Further insight into the nature of the electronic transitions
involved in the observed and calculated excited state formation
was obtained via analysis of MO contributions to the TD-DFT
transitions. The two lowest energy transitions involve the same
subsets of MOs (HOMO—1/HOMO and LUMO/LUMO+1),
albeit with the different symmetry of mixing. Hence, one of

https://dx.doi.org/10.1021/jacs.0c01856
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Scheme 11. Left: Molecular Orbital Diagrams for Selected Electronic Transitions of Pyrene and Py-tetra-Ph-Py 9;“ Right:
Depiction of the HOMO—1, HOMO, LUMO, and LUMO+1 for Pyrene and tetra-Ph-Py 9

~in] T
3 1.0
8
> 0.8
2
o 0.6
£
T 0.4
9]
N
® 0.2
5
= 0.0
300 400
Wavelength (nm) Torbidden
Pyrene
1° excited state
(319 nm)
LUMO+1
LUMO+1 —— —
LUMO I
3.9eVv 4.0eV
LUmMo
HOMO  —
HOMO-1 *
tetra-Ph-Py
1° excited state 3° excited state
(343 nm) (285 nm) HOMO
LUMO+1 —— e
LUMO —1—
3.6eV 4.3eV HOMO-1
HOMO ——
HOMO-1 I

Pyrene

.
it
6
afv

t-Bu

“A forbidden transition in pyrene becomes allowed in 9 (2° and 3° excited states, respectively) as a consequence of symmetry.

these transitions is forbidden for a centrosymmetric 1,3,6,8-
tetraPh-Py chromophore. The situation is drastically different
for the isomeric tetra-Ph-Py 9 which lacks a center of
symmetry. In the latter case, both transitions are strong
(Scheme 11). These subtle but fundamentally interesting
features may open new opportunities for future excited state
engineering in this classic chromophore.

Mechanistic Studies. Our computations compared the
possible reaction mechanism for the formation of desired
products and evaluated possible alternative, undesired path-
ways. The possible scenarios are illustrated in Scheme 12,
using the naphthalene-core system as an example. All of them
start with the same two steps: formation of vinyl radical A via
R;Sn-radical addition to one of the triple bonds followed by
peri-cyclization on the naphthalene core to give rise to
delocalized radical B. The difference between the top and
the bottom scenarios is whether this radical can initiate
another cyclization by attacking the remaining alkyne. If it can
(top path), only one equivalent of the RySnH is needed to
complete the cascade. If radical B is too stabilized, the radical
cascade will be terminated before the second alkyne is
involved. In this situation, another equivalent of R;SnH is
needed to restart the radical pathway using the second alkyne

8360

moiety (i.e., the reaction follows either the central or the
bottom path). If the delocalized pi-radical B is persistent, the
final cycle formation would correspond to recombination of
this radical with the new vinyl radical (central path).
Alternatively, if the initially formed delocalized radicals are
transformed into nonradical products, the final ring can be
formed by another peri-annulation (bottom path).

In the following sections, we discuss several mechanistic
routes that may arise from radical B with computed barriers
and reaction energies for the key steps proposed in Scheme 13.
The cascade starts when vinyl radical A undergoes peri-
annulation onto naphthalene giving rise to radical B (8.7 kcal/
mol exergonic). From here, five pathways may arise as shown
in Scheme 13.

Path I: Diradical Annulation. Radical B can undergo a
second Sn-radical attack at the remaining alkyne forming
diradical C. The radical coupling of this species is calculated to
be thermodynamically favorable (54.3 kcal/mol downhill), but
reactions of two short-lived reactive intermediates are usually
unfavorable due to their short lifetimes.” In the presence of an
excess of ACHN-derived radicals that can convert B into H,
the possibility of radical B being sufficiently persistent to meet

https://dx.doi.org/10.1021/jacs.0c01856
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Scheme 12. Main Downstream Mechanistic Possibilities after the Sn-Radical Attack on Alkyne Has Formed the Initial Vinyl
Radical”
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Scheme 13. Selected Computations for the Proposed Evolution after the Formation of Radical A”
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“Energies given in kcal/mol at the (U)M06-2X/LanL2DZ level of theory at 110 °C where R = Me.

the second radical, arriving for this meeting from the opposite of F via S-exo-dig closure is calculated to be almost 10000
end of the molecule, is relatively low. times faster than the formation of E via a 6-endo-dig cyclization
Paths Il and llI: Single-Radical peri/dig-Annulations. As an (~$ kcal/mol difference in the reaction barriers). From these
alternative to path I, radical B could directly cyclize onto the results, only the formation of F seems reasonable, mainly
second alkyne (B to E or F). In accordance with the because the formation of E is not only slower but also uphill by
stereoelectronic preferences of alkyne cyclizations,74 formation 2.2 kcal/mol and, therefore, should be reversible. Moreover,
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Scheme 14. Potential Energy Diagram and Transition State Geometries for the Preferred Reaction Path from Intermediate H

to the 1,8-Diphenyl-2,7-bis-stannylpyrene Product”
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“Energies are given in kcal/mol at the (U)M06-2X/LanL2DZ level of theory at 110 °C. SnRy = SnMe;.

the fact that none of the monostannyl products was observed
experimentally in the reaction mixtures provides further
evidence that paths II and III are not the main pathways for
the reaction.

Path 1V: Methanol Elimination/Phenalenyl Radical
Formation. The next option is the formation of highly
delocalized phenalenyl radical G through direct MeOH
elimination from B. This is a highly exergonic step (48 kcal/
mol downhill from B) due to extended conjugation of G.
Nevertheless, it is sufficiently slow (29 kcal/mol barrier) that
competing reactions may become preferred. This large kinetic
barrier may be a consequence of breaking two strong bonds
(C—H and C—O) in the early reactant-like transition state,
before the formation of a strong OH bond is sufliciently
advanced.

Path V: H-Atom Abstraction. The final option involves
abstraction of a weak C—H bond from intermediate B. This
process forms closed-shell intermediate H, which lies 66 kcal/
mol below radical B. Furthermore, this reaction has the lowest
free energy barrier (18 kcal/mol) from all the above scenarios.
In addition to being the most kinetically favorable step, the
involvement of the second H atom abstraction is consistent
with the experimentally observed correlation between the
excess of initiator and improved yields.

The combined evidence suggests path V as the preferred
mechanistic pathway originating from radical B. The last steps
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displayed in Scheme 14 (from intermediate H) involve a
second Sn-radical addition to the remaining triple bond
followed by a second peri-annulation (intermediate H to I). In
comparison to the first peri-annulation event (A to B), the
second peri-annulation has a 1.2 kcal/mol lower barrier. This
difference in peri-annulation kinetics likely derives from the
phenalenyl-like intermediate being more electron-rich than
naphthalene. At this point, MeO-radical elimination would
form a closed-shell intermediate J in a nearly thermoneutral
step. A second H atom abstraction can funnel intermediate J
into a resonance stabilized bis-allylic/benzylic radical K in a
highly exergonic process (34 kcal/mol downhill from J).
Finally, radical K can undergo one last MeO-radical p-
elimination generating the closed-shell 1,8-disubstituted-2,7-
bis-stannylpyrenes.

B COMPUTATIONAL METHODS

DFT calculations were carried with the Gaussian 09 software
package,75 using the (U)M06-2X DFT functional’®”’ (due to its
relatively accurate description of reaction and activation energies for a
variety of chemical processes including radical reactions)”® with the
LanL2DZ basis set. A broken-spin approach was used when necessary.
Frequency calculations were conducted for all structures, confirming if
a structure is either a minimum or a TS. Natural bond orbital”*~*
(NBO) analysis was performed on key structures. The Gibbs free
energy values are reported at 298 K, unless otherwise noted. Larger

https://dx.doi.org/10.1021/jacs.0c01856
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geometries were preoptimized with Grimme’s xtb,** at the GFN2-xTB
level of theory. Conformer generation and evaluation was performed
with crest,” at the GEN2-xTB level of theory. Time-dependent DFT
(at the (SMD = DCM)/UMO06-2X/6-311++G(d,p) level of theory)
calculations were performed on the conformers generated with crest to
ensure a reasonable sam_})ling of structures. Electron density of
delocalized bond (EDDB)* calculations were performed for selected
polyarenes for a description of their electronic delocalization and
conjugation. These calculations were performed at the M06-2X/cc-
pVTZ level of theory, with NBOG6 linked to Gaussian ‘09. Three-
dimensional structures and orbital plots were produced with
CYLView 1.0.1,° UCSF Chimera,®” and IQMol.*®

B CONCLUSIONS

The double peri-annulation offers a new approach to expanding
the scope of currently accessible PAHs and GNRs in a modular
and straightforward manner. The structural variations that can
be achieved through this approach could allow for deeper
understanding and fine-tuning of PAHs” and GNRs’ optoelec-
tronic properties. The unusual substitution patterns that can be
accessed by this route, in addition to the capacity for
derivatization and 7z-extension, make this cascade useful.
Furthermore, the presence of SnBuj; groups offers a suite of
benefits that include their solubilizing effect, direct cross-
coupling potential, and possibility for polarity reversal
(through iodination). An additional benefit is the ability to
use a change in media acidity as a precipitation and
fluorescence intensity enhancement tool through protodestan-
nylation.

This approach can be extended to triple peri-annulations
where peri-annulations are coupled with a radical cascade that
connects two preexisting aromatic cores via a formal C—H
activation step. For example, two naphthyl moieties can be
fused into a perylene core en route to the final peropyrene
product. In this cascade, ACHN-derived radicals play a dual
role as both radical initiators and oxidants.

Photophysical studies revealed interesting trends suggesting
multiple effects of the bulky Bu;Sn groups. Their presence
restricts rotation of adjacent aryl moieties, forcing them out of
conjugation, and introduces additional vibrational relaxation
pathways that increase nonradiative decay rates. Removal of Sn
groups by treatment with acid “turns on” fluorescence while
their substitution with iodine quenches it. In comparison to
pyrene, some of our diarylpyrenes display >10-fold enhance-
ment in their fluorescence quantum yield. Furthermore, TD-
DFT and EDDB calculations revealed the impact of the
noncentrosymmetric substitution pattern on the electronic
structure and the nature of excited states.

DFT computations were used to unravel the complicated
mechanistic nature of the double peri-annulation reaction.
Computations also helped explain why monostannyl side
products were not observed as products for this trans-
formation.
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