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Abstract: Although BusSn-mediated radical alkyne peri-annulations allow access to phenalenyl ring
systems, the oxidative termination of these cascades provides only a limited selection of the possible
isomeric phenalenone products with product selectivity controlled by the intrinsic properties of the new
cyclic systems. In this work, we report an oxidant-free termination strategy that can overcome this
limitation and enable selective access to the full set of isomeric functionalized phenalenones. The key to
preferential termination is preinstallation of “a weak link” that undergoes C-O fragmentation in the final
cascade step. Breaking a C-O bond is assisted by entropy, gain of conjugation in the product, and the
release of stabilized radical fragments. This strategy is expanded to radical exo-dig cyclization cascades of
oligoalkynes which open access to isomeric m-extended phenalenones. Conveniently, these cascades
introduce functionalities (i.e., BusSn and iodide moieties) amenable to further cross-coupling reactions.
Consequently, variety of polyaromatic diones, which could serve as phenalenyl-based open-shell
precursors, can be synthesized.

INTRODUCTION

Of the three possible fusions of three benzene rings, phenalenyl is the most unusual. Unlike
anthracene and phenanthrene, which are common stable molecules readily available from many
commercial-sources, phenalenyl has an odd number of carbons and, hence, has to have an odd number
of electrons, i.e., be a radical (Figure 1). The non-Kekulé structure with an odd number of carbons accounts
for many interesting properties of phenalenyls’™* and a special role of this polycyclic fusion as the
prototype building block for the design and synthesis of larger conjugated spin systems.'>"*8 Furthermore,
the unusual electronic structure of phenalenyl leads to interesting photophysics,'>% intriguing magnetic
behavior,?123 useful amphoteric redox properties?*2° and applications in catalysis.3%3°
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Figure 1. The three possible fusions of three benzene rings and the unusual electronic structure of
phenalenyl.
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However, preparation of phenalenyls is challenging and they are generally generated in situ. In
particular, the respective ketones (phenalenones) can serve as convenient precursors for phenalenyls as
a sequence of nucleophilic addition to polycyclic ketones followed by in situ deoxygenation, which is a
useful strategy toward functionalized polyaromatic molecules with interesting properties (e.g. open-shell
molecules) (Figure 2).357° For example, Anthony used this approach to prepare silylethynyl functionalized
pentacenes®® while Arikawa and coworkers synthesized triangulene.® Our group recently utilized
polyaromatic diones to synthesize Kekulé and non-Kekulé diradicaloids with very low singlet/triplet
gaps.®
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Figure 2. Polyaromatic ketones as precursors for extended polyaromatics.8-82

Previously we reported a modular synthetic approach to phenalenyl ketones and their expanded
analogs by radical peri-annulations of alkynes®® that take advantage of the carbon-rich nature and high
energy content of this functional group.®*” The peri-annulations are a promising a strategy for expanding
the zigzag edge of carbon nanostructures.®>°® Whereas double peri-annulation allows full aromatization
by elimination of MeOH, analogous termination of single peri-annulations forms a phenalenyl radical,
which, due to its instability associated with the open-shell structure, requires an additional step for
conversion into a stable product (Scheme 1). Termination of a single peri-annulation by oxidation or
reduction gives, respectively, either polycyclic ketones or partially reduced aromatic hydrocarbons
(Scheme 1).2% Not only are the ketone products useful precursors for the preparation of new carbon rich
molecules, as discussed above, but they have been also explored for the design of lithium-ion batteries.*
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Scheme 1. Comparison of termination strategies for single and double peri-annulations.

However, synthesis of such ketones has two limitations: 1) an oxidant is required and 2) selectivity
for the formation of isomeric ketones cannot be controlled. As a result, all but one of the five isomeric
ketones were previously inaccessible (Figure 3). Only one product was produced in a modest (38%) yield
with trace amount of another isomeric ketone. Considering the need for all five isomeric ketones for our
future explorations of phenylenyl radicals, we were interested in finding a general synthetic solution to
such a problem.
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Figure 3. Oxidative termination of alkyne peri-annulation with naphthalene provides access to one of five
possible isomeric phenalenones.

Here, we take advantage of a C-O radical fragmentation strategy to address these limitations. Due
to the relatively high thermodynamic stability of the carbonyl moiety,? radical fragmentation with the
formation of a carbonyl group is a useful synthetic transformation (Figure 4a). Such transformations can



proceed via fragmentations of either a C-O bond or a C-C bond and have found two notable applications:
a) to generate radical species'®1% or b) to make ketones.®1%> |n the first of these applications, the
carbonyl group is the by-product while, in the second type of applications, it is the target.

Many interesting examples of both fragmentation types can be found in the literature (Figure 4b).
The utility of these reactions correlates with the stability of carbonyl derivatives. Not surprisingly, loss of
CO; from the corresponding RCO,'%” or O=COR!® radicals are highly favorable and useful for generating
carbon-centered radicals, *R. In the classic Barton—-McCombie deoxygenation reaction, C-O bond
fragmentation generates a C-radical with the help of thioester formation.'” Our group repurposed this
classic reaction by using O - C transpositions to convert phenols into benzoates and terminating the
cascade by a fragmentation that forms an ester moeity.!*® The lactone formation after the interception
of the p-benzene product of Bergman cyclization was used to transpose one of the radical centers and
prevent retro-Bergman ring opening.!®* MacMillan and Doyle groups achieved deoxygenative cross-
couplings of alcohols®?%*?! and methylation of (hetero)aryl chloride,?? respectively, by making radical
species through C-O bond fragmentations with the formation of highly stabilized carbonyl groups in the
carbamate and carbonate by-products.

(a) Carbonyl formation by radical fragmentation: C-C vs. C-O fragmentation
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Figure 4. (a) Carbonyl formation by radical fragmentation. (b) Literature examples of exergonic carbonyl
formation by radical fragmentation.

The formation of ketones receives less thermodynamic assistance than formation of CO,, XC(O)Y
and RC(O)X derivatives'® but is still viable. Figure 4b illustrates the difference between the two possible
approaches: C-C scission in an O-centered radical or C-O scission in a C-centered radical. Although the
formation of a relatively unstable methyl radical is thermodynamically viable in both cases, the C-C bond
scission is quite exergonic (AG = -9 kcal/mol) while C-O scission is only favorable due to the entropic
assistance to fragmentation (AG = -0.4 kcal/mol).

Not surprisingly, formation of alkoxy radicals has been used for carbonyl formation quite often.
125 |n particular, alkoxy radicals derived from cycloalkanols along with C-C bond fragmentation can make
ketone products (Figure 4b).1?%12” On the other hand, C-O fragmentations are less common. An interesting
example of the latter is formation of polymeric ketones in radical ring-opening polymerization of cyclic
vinyl ethers. The intermediate after radical addition to the alkene undergoes ring-opening by C-O bond
cleavage, giving an alkyl radical that continues polymerization.1?%12°

Encouraged by the known carbonyl-forming C-O fragmentations, we sought to develop an
efficient and selective route to functionalized isomeric phenylphenalenones and t-extended phenalenone
derivatives by radical alkyne peri-annulations terminated by C-O fragmentation. This strategy introduces
a C-0 bond in the early stage of the syntheses so that the oxidized polyaromatics are prepared without
oxidative workup.

Phenylphenalenyl radical is highly delocalized, with six perimeter carbons sharing spin density
(Scheme 2a). The radical peri-cyclization creates the phenalenyl framework with two substituents at one
of the rings while the other two rings have no substituents (Scheme 2b). Four carbons at the two
unsubstituted rings have significant spin density that can potentially be used as a target for subsequent
reactions. This delocalization of spin density complicates control of regioselectivity for the subsequent
trapping of this intermediate under oxidative condition and potentially leads to mixtures of ketone
products.

In our work, single isomeric polyaromatic ketones can be formed selectively by C-O radical
fragmentation. Although introduction of the O-containing leaving group does not greatly change the spin
density (Figure S15), the following C-O radical fragmentation can “capture” each of the four resonance
structures to selectively form each of the four isomeric m-extended phenalenones without the need for
additional oxidative workup (Scheme 2b).

123-



(a) Dominant resonance structures and spin density distribuiton in phenalenyl radical
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Scheme 2. (a) Dominant resonance structures and spin density distribuiton in phenalenyl radical. (b)
"Capturing spin density" at different positions of delocalized phenalenyl radical via fragmentations.

RESULTS AND DISCUSSION

We started the exploration of directed peri-annulations with the naphthalene system as it
provides access to the parent phenalenyl skeleton. The naphthalenyl benzyl ether derivative 1 was
prepared from 2-hydroxynaphthaldehyde in two steps (See Sl). The usual conditions for the radical chain
reactions®%13! (j.e., the catalytic amount of AIBN (0.2 equiv) and slight excess (1.3 equiv) of radical



precursor BusSnH (Table 1, entry 1) gave mostly unreacted starting material with only trace amounts of
the desired phenalenone. An attempt to increase the propagation efficiency by using thiophenol as a
polarity-reversal catalysis was unsuccessful (Table 1, entry 2). On the other hand, an increase in the
amount of initiator of the radical source resulted in higher conversion and increased yield of the desired
product (Table 1, entry 3-5). However, addition of more than one molar equivalent of the initiator became
counterproductive (Table 1, entry 6). After screening different radical sources, initiators, solvents, and
initial concentrations of starting material (Table 1, entry 10-12 and Sl), the best yield was obtained with
0.04 M starting material, two equivalents BusSnH (0.3 M) and one equivalent AIBN (0.15 M) in refluxing
toluene. Note that equivalent of AIBN should generate two equivalents of C-centered radicals. The need
to use a large amount of AIBN suggests the inefficiency of the radical propagation, which is consistent
with the multiple roles of AIBN,*32 which can be involved in more than one step of the radical cascade
(See Sl). Oxidative workup with DDQ did not increase the yield (Table 1, entry 8).

With these results, we explored the leaving group effect on this transformation. First, we tested
whether we could facilitate the C-O bond fragmentation by stabilizing the departing radical either by an
oxygen atom or by a phenyl substituent. However, substrate with a methoxymethyl substituent didn’t
undergo the fragmentation step (Table 1, entry 14), which indicates that radical stabilization provided by
an oxygen atom is insufficient. Substrate with a diphenyl methyl leaving group gave a 36% yield of product
(Table 1, entry 13). However, the starting material was not fully converted even though two phenyl groups
should provide greater stabilization to the departing radical. This behavior is likely to stem from the steric
hindrance of the substituents. In the end, the benzyl group turned out to be the best leaving group
presumably because the single phenyl moiety doesn’t hinder the intramolecular initiation step but can
still sufficiently stabilize the departing benzylic radical.

Table 1. Optimization of radical cyclization.

Ph < $ SnBujz
S Bu3SnH (2.0 equiv) Ph
OR AIBN (1.0 equiv) 0
OO Toluene, 110 °C, 16h
1 R=Bn 2a-Sn
Entry Deviation from the above reaction Yield (% conversion)
1 BusSnH (1.3 equiv)/AIBN (0.2 equiv) Trace
2 BusSnH (1.3 equiv), AIBN (0.2 equiv), PhSH(0.2 equiv) Trace
3 AIBN (0.5 equiv) 6% (37%)
4 AIBN (0.8 equiv) 30% (83%)
5 None 53% (100%)
6 AIBN (1.2 equiv) 44% (100%)
7 BusSnH (1.5 equiv) 37% (86%)
8 with DDQ workup 29%2 (100%)
9 Benzene, 80 °C 38% (64%)
10 ABCN (1.0 equiv) 26% (74%)
11 EtsSiH (2.0 equiv) 0% (74%)
12 Ph3SnH (2.0 equiv) 39%2 (100%)
13 R = CHPh; 36% (88%)
14 R = CH,0Me (MOM) 0%°(100%)
15 No radical source and initiator 0% (0%)

Initial radical source concentration: 0.3 M. Initial initiator concentration: 0.15 M. Initial starting material concentration: 0.04 M.
aNMR yield based on internal standard: 1,2-dichloroethane. °complex mixture of products.




With optimized conditions in hand, we tested the scope of the reaction by preparing a series of
disubstituted phenalenones. Although the yields were moderate (7-42%), the reaction is tolerant of both
electron-donating and electron-withdrawing aryl groups as well as alkyl substituents. The electron-
donating groups gave lower vyields, possibly due to the lower electrophilicity of the vinyl radical
intermediates.’®® Alkyl substituents have the lowest yield among this series, likely because the alkyl
substituted vinyl radical are less stable than the aryl substituted analogs.

Gratifyingly, the method provides access to all positional isomeric substituted phenalenones,
including 4-, 6-, and 9-phenylphenalenones that were synthesized selectively without the oxidative
workup (Figure 5). For each isomeric phenalenone, alkyl substituents, electron-donating groups, and
electron-withdrawing groups are also tolerated. The yields trend follows the relative stability of the
phenalenones. 9-Substituted phenalenones gave the lowest yields probably due to the unfavorable sterics
in the product. In some cases, iodination was performed if isolation of the pure stannylated products was
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Figure 5. Scope of substrates for radical cyclization and the relative stability of ketones.

Synthesis of m-extended phenalenones

Encouraged by the success of the peri-cyclization/fragmentation sequence, we have explored the
possibility of incorporating such sequence in an even longer cascade that are initiated by exo-dig
cyclization of bis-alkynes. We have shown earlier that exo-dig cyclizations are stereoelectronically
preferred over endo-dig cyclizations!** for the conversion of skipped oligoalkynes into carbon-rich
polycyclic structures via radical chemistry.



An interesting feature of such cascades is that, depending on the choice for termination step, they
can open access to various extended polycyclic systems. If the radical cascade is propagated by exo-dig
cyclizations, the last of such cyclizations gives a highly reactive vinyl radical. The latter is capable of
addition to the terminal phenyl ring to give a five-membered ring cycle (Scheme 3a). Such five-membered
rings can be used as a sites for additional transformations.'3>38 |f presence of a five-membered ring in
the product is undesired, it can be avoided by introduction of an alkene in the reaction cascade. In such a
scenario, a 5-exo-trig cyclization at the final stage generates a less reactive alkyl radical, which is unable
to attack the aromatic ring. Since the last cyclization step is blocked, a “defect”-free hexagonal
polyaromatic framework is formed (Scheme 3b).1%

Here, we synthesized m-extended phenalenones by exo-dig cyclization of bis-alkynes involving
peri-cyclization/fragmentation sequence. This is a new strategy for termination of exo-dig cascades of
substrates with multiple alkyne units. When the vinyl radical formed at the end of the alkyne cyclizations
attacks the naphthalene peri-position, a 6-membered ring is formed. Importantly, the new polycyclic
product has not five-membered “defects” and hence can be considered as a graphene substructure.
However, this particular ring system is very different from a typical polyaromatic system because it has an
odd number of carbons. Hence, it can be considered as a “n-extended phenalenyl”. Because such species
has multiple reactive sites based on the delocalized spin density, its subsequent reduction or oxidation
reactions can potentially lead to multiple products e.g., isomeric phenalenes (after reduction) and ketones
(after oxidation). Not surprisingly, our attempts to harness peri-cyclizations as the last step of such alkyne
cascades fully illustrate this complexity, providing inseparable mixtures of many products. To address the
problem of selectivity, an -OR group can be attached at four different positions of the “m-extended
phenalenyl” to selectively direct the ketone formation (Scheme 3c).
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Scheme 3. Strategies for termination of exo-dig cascades. (a) Vinyl radical attacks at the terminal aromatic
ring. (b) Terminating cascades by decreasing radical reactivity. (c) Peri-attack follows radical cascade
termination by fragmentation. Note that (b) and (c) avoid incorporation of a five-membered ring in
hexagonal framework.

The four bis-alkyne precursors were prepared from the nucleophilic addition of different lithium
acetylides to the same aldehyde (Figure 6a). Three of these precursors reacted to form selectively one of
the four isomeric expected m-extended phenalenones (4a-H, 4b-H, 4c-H). Only one of the four substrates
did not form the cyclized product, most likely due to unfavorable steric factors. The structures of the three
pentacyclic ketones were unambiguously confirmed by X-ray analysis (Figure 6b).
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Figure 6. (a) Synthesis of m-extended phenalenones. (b) The relative stability of m-extended phenalenones.
(c) Relative stability of m-extended phenalenones.

Computations were performed to gauge the stability of the four ketone isomers (Figure 6c). The
most stable ketone gave the highest yield while the least stable one (5.3 kcal/mol higher in energy than
the most stable ketone) was not formed. However, computations do not align with the experimental
yields of the ketones 4a-H and 4b-H with the intermediate stability. The computationally less stable
ketone (4.7 kcal/mol relative to most stable ketone) provided 38% yield while the slightly more stable
ketone (3.5 kcal/mol) gave only 13% yield. A possible explanation is that the OBn group in precursor 1u
has an additional role. Not only does it direct the selective formation of the ketone, but it acts as a blocking
group that prevents the competing five-membered ring formation. Comparison with the failed cyclization
of 1x illustrates that steric effects can be either beneficial or detrimental depending on the circumstances.



a) X-ray structure b) Crystal packing
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Figure 7. The X-ray structures (a) and crystal packing (b) for m-extended phenalenones.

Comparison of the X-ray geometries for the isomeric ketones revealed that the less stable isomer
4a-H is more twisted because of a steric clash between the carbonyl oxygen atom and an adjacent C-H
bond while the more stable ketones 4c-H and 4b-H are more planar (Figure 7a and 7b).

Polyaromatic Diones.

Polyaromatic diones are great potential candidates for precursors of organic open-shell species
(Figure 1). However, the synthesis of polyaromatic diones often suffers from a lack of flexibility or a long
sequence of steps. Our strategy shows great potential for systematically making a large library of
polyaromatic diones by choosing different “links” between isomeric functionalized phenylphenalenones.
Functionalized isomeric phenylphenalenones selectively synthesized by our strategy can be converted
into different kinds of diones by subsequent cross-coupling reactions. The iodo-substituted
phenylphenalenone was prepared easily from stannated phenylphenalenones. The structure was
confirmed by X-ray crystallography. We used 3a-l as an example to illustrate the feasibility of dione
synthesis. The Sonogashira reaction of 3a-l followed by deprotection gave the terminal alkyne 5. Two



polyaromatic diones were made from alkyne 5. The Glaser coupling of 5 gave dione 6 where two
phenalenone units are connected by two alkynes. The Sonogashira coupling between 3a-1 and 5 gave
dione 7 where two phenalenone units are connected by one alkyne (Scheme 4).
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Scheme 4. Synthesis of polyaromatic diones from functionalized phenylphenalenones.

Computational analysis of possible cascade energy profiles

Multiple mechanistic possibilities for phenylphenalenone formation were explored
computationally. All our proposed mechanisms start with SnBus; (approximated computationally as
SnMes) radical addition to the alkyne, followed by the peri-annulation step, giving intermediate A. After
this stage, one can envision numerous potential pathways towards the final product 2a-Sn. The simplest
scenario is shown in Figure 8. Guided by the Ockham’s razor, we first considered the pathways where
radical fragmentation proceeds directly from intermediate A. In Path 1, A loses methanol first to generate
the naphthalene moiety in radical intermediate B. The subsequent C-O fragmentation will generate the
final phenylphenalenone, 2a-Sn. The alternative, Path B, starts with C-O bond fragmentation to generate
a closed shell intermediate D. Aromatization of this intermediate via the loss of methanol provides the
final product 2a-Sn.

Interestingly, the transition state (TS) barrier for the first steps of Path 1 and Path 2 are similar
(32.3 vs 32.7 kcal/mol, respectively). However, this step is highly exergonic in Path 1 (-43.0 kcal/mol),
where aromaticity is restored, but endergonic (22.6 kcal/mol) in Path 2. Due to the endergonicity of the
latter step, we expect it to be reversible (with a reverse barrier of only 10.1 kcal/mol) and Path 1 to be
more important than Path 2.
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Indirect mechanisms. One radical is not enough: radical cascade with multiple reentries.

Both Path 1 and Path 2 have rather large activation barriers. Although the barriers are traversable
at the reaction conditions (110 °C), we elected to computationally explore if more favorable alternative
pathways exist. Generally, one would expect C-centered radicals to find lower barrier reaction channels,
especially in the presence of multiple functional groups.

Computational data suggests that there are two difficult post-cyclization steps: 1) aromatization
of the top ring through loss of MeOH and 2) formation of the carbonyl via C-O scission resulting in the loss
of the CH,Ph radical. The concerted loss of MeOH is difficult because the large O....H distance leads to a
highly strained TS geometry (TS.a, TS.d, Figure 8). Therefore, we searched for a lower barrier alternative
pathway and found that the loss of the OMe radical is facile if the step is coupled with aromatization (an
activation barrier of 14 kcal/mol (TS.c, TS.h, Figure 9) compared to the >20 kcal/mol barrier for the loss of
MeOH, (TS.a, TS.d, Figure 8). However, for the loss of the #OMe group to be coupled with aromatization,
the radical center must be ‘para’ to the departing eOMe moiety. As the initial peri-cyclization



(intermediate A) creates the radical at the ‘wrong’ “meta”carbon (Scheme 5), the radical needs to be
translocated via a formal 1,2-shift in order for loss of the «OMe moiety to be coupled with aromatization.
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Scheme 5. The revised mechanistic scenario requires two radical fragmentations for the formation of the
phenylphenalenone product, 2a-Sn.

Considering the above, we explored multiple pathways that result in the required formal 1,2-shift.
The most obvious solution would be a direct H-shift from A to give either F or F’. Unfortunately, both steps
have an activation barrier of >30 kcal/mol (Figure S17). However, several indirect but potentially efficient
paths to the final product can be uncovered if one takes into account the reversibility of radical processes,
especially under reaction conditions where an excess of external radical species is introduced.'41*2 When
radicals are abundant, they can engage in both bond making and breaking. Since radicals are chemical
chameleons (an orbital with a single electron is both “half-full” and “half-empty”), they can interact with
each other in a variety of ways. As a result, the key tricyclic radical intermediate A (i.e., the direct product
of peri-cyclization) can be either reduced, or oxidized, or simultaneously reduced and oxidized via atom
transfer reactions. We consider each of these three scenarios in the three following sections. Remarkably,
each of these paths can be productive and, furthermore, the radical intermediates can cross between
these paths.

Reductive termination of peri-cyclization and radical re-entry: A potential pathway involves a
sequence of H-abstractions that effectively translocate a hydrogen using a eSnMes radical (Figure 9). Both
a 2,3- or 2,5-H shift will result in radical density delocalized onto the target ‘para’ carbon. In this pathway,
the first radical hydrogen addition occurs from a HSnMes; moiety at the 3- or 5- position resulting in
intermediate E and E’. Then, a *SnMejs radical can abstract the hydrogen in the 2-position finishing the
sequence that leads to the desired formal 1,2-shift (intermediates F and F’). From F or F’, the loss of the
*OMe moiety restores aromaticity in the top ring (activation barriers of 6.6 and 10.2 kcal/mol,
respectively). As the radical departs, the reacting system is at a stationary closed-shell point and requires
another activation step to reenter the radical path. This can be done by using the weakness of the doubly
allylic C-H bonds present in both G and G’. Each of these allylic hydrogens can be abstracted by a eSnMe;
radical converging on the penultimate radical intermediate, the phenalenyl B. The CH,Ph radical extrusion
from this intermediate results in the final product 2a-Sn. Although these steps involve multiple radical
intermediates, some of which may be short-lived, this scenario is consistent with the need for an excess



of R3SnH and AIBN to obtain the highest reaction yields. The kinetics for this energy profile is more
favorable in comparison to the direct “one-radical / two eliminations” path presented earlier in Figure 8.
Although the final fragmentation is endergonic, the overall process can be made thermodynamically

favorable once the departing benzyl radical is trapped in a subsequent exergonic reaction.
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Oxidative termination of peri-cyclization and radical re-entry: Another possible path to the
product involves an exit from the radical path via H-atom transfer (HAT) from intermediate A to the AIBN-
derived radical (or another species from the radical cocktail present in the reaction mixture). This is a
formal oxidation (H-atom is removed from A). This direction deserves to be considered because HAT
leading to the aromatized intermediate product E” is very exergonic (-66.1 kcal/mol, Figure 10).
Alternatively, AIBN is known to act as an H atom trap, so it can transform intermediate A to E” with the
formation of reduced diamine.** The intermediate product E”” can be transformed into the observed final
product 2a-Sn via a sequence of steps that can be considered a “radical catalysis” by Sn-radicals.

In the first step, the closed-shell product E” is converted back into a radical through the addition
of eSnMes. There are multiple positions for this radical’s attack at the conjugated n-system of A that will
provide the addition product with spin density at the B-carbon next to the OMe group. Figure 10 shows
only one of such possible intermediates, i.e., the conjugated radical H formed via the intermolecular attack
at a sterically unhindered position. The loss of ¢OMe from this intermediate is facile because it is assisted
by aromatization in the top ring. Again, the system leaves the radical cascade and forms a closed shell
intermediate, 1. Remarkably, the Sn-C bond formed in the previous step is relatively weak and can be
broken (either homolytically or via an intermolecular reaction with either the «OMe or an AIBN-derived
radical) with the formation of intermediate B in a barrierless reaction (Figure S20). This radical has spin
density at a position that is suitable for assisting in the loss of the CH,Ph moiety that generates the final
product 2a-Sn in Figure 10. Conceptually, this is an intriguing and elegant sequence as such assistance of
a RsSn-radical would be catalytic and traceless. The RsSn adds and then departs, changing functionality in
its tricyclic “substrate” between the two steps. The initial R3Sn introduction generates a radical at one
position where it leads to a productive transformation (elimination of eOMe). The subsequent RsSn
departure generates a radical at a different position where productive C-O bond fragmentation can occur.
Remarkably, neither of the two radicals are wasted — both assist in a radical fragmentation.
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cascade by formal oxidation with subsequent reentries by addition and elimination of a R3Sn radical. The
Sn-radical addition step generates a radical that can assist in the e«OMe departure while subsequent

scission of the same C-Sn bond that was formed in the addition step generates a different radical that can
assist in the PhCH,-O scission. * See Sl for details of TS search.

Disproportion with an external radical — a formal intermolecular dyotropic rearrangement with

a trifurcation: The final potential pathway to achieve the formal 1,2-shift is a disproportionation path
(Figure 11). We will show below that it can lead to formal oxidation or reduction (both with a temporary
loss of the radical character) or exchange H-atoms without loss of radical character. The latter path is
neither oxidation or reduction since one C-H bond is broken while the other C-H bond is formed
simultaneously.

An intriguing feature of the latter path is that it has resemblance to a dyotropic reaction. By
definition, a dyotropic rearrangement involves two o-bonds migrating simultaneously (Figure 11a).144-14
Generally, dyotropic reactions are concerted and, to the best of our knowledge, all of the reported
literature examples are intramolecular. The present case is different as it involves an intermolecular
transfer of two groups between two molecules. Equally intriguing is that the participating partners are
two open-shell species. However, despite these unusual features, the transformation does formally fit the
definition of a dyotropic process. Furthermore, the similarity to classic pericyclic reactions is emphasized
by the potentially aromatic six-electron cyclic transition state (shown in Figure 11b for the interaction of
two ethyl radicals).

For simplicity, let us consider first the intermolecular ‘dyotropic-like’ H-atom exchange between
two ethyl radicals in Figure 11b.1°%*%! The transition state for the ‘dyotropic’ pathway is downhill by 3



kcal/mol! This is possible because the high energy ethyl radical state crosses with the low energy neutral
ethane + ethene potential energy surface at the transition state. In other words, the symmetric TS for the
two H-atom transfers between the two radicals is indistinguishable for the TS for H, molecule transfer
between ethene and ethane. Therefore, the two ethyl radicals go through a negative activation barrier
before continuing to the lower energy ethane + ethene state.

A similar pathway is possible in our system. We start with two high energy radicals, A and an AIBN-
derived radical. The activation barrier for the formal 1,2-shift is 5.6 kcal/mol, however, this TS crosses with
the energy surface of the disproportionation pathway (which has a barrier of 39.4 kcal/mol for the same
TS) (Figure 11c). At this cross-over point there are three potential outcomes: 1) the desired 1,2-shift
product (F and a different AIBN-derived radical), 2) disproportionation resulting in E”” and a quenched
AIBN radical, or 3) returning to the reactant of the crossed energy surface (E and methacrylonitrile).
Unfortunately, the desired 1,2-shift product is a high energy state (>30 kcal/mol higher in energy than the
other potential products) and unlikely to be formed in comparison with the other two potential products
(Figure 11d). However, this is likely to be of little consequence as the other two products correspond to
the oxidized (E””) and reduced (E) descendants of the parent radical A. Both E and E”’, can be converted
into the final product as we have shown in the previous two sections.
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radicals. (c) A potential dyotropic rearrangement from the high energy radical state of intermediate A. (d)
The two reaction pathways depicted in part c.

Experimental detection of multiple radical species at the different stages of the cascade

In order to get insights into the mechanistic complexity suggested by the computational analysis,
we have conducted spin trapping experiments with the aim of capturing radical species that are present
at different reaction times. Four separate reactions were carried out, each different from others only by
the time of addition of the spin trap. We have used two equivalents of 5,5-dimethyl-1-pyrroline N-oxide
(DMPO), a versatile spin trap which has been used to trap oxygen-, nitrogen-, sulfur- and carbon-centered
radicals.'>*71%



Spin-trapped products in the reaction mixtures were detected by mass spectrometry and
summarized in Table 2 below (see Sl for the additional information). Several conclusions can be made.
First, the presence of multiple DMPO adducts confirms that the cascade is a multistage radical process
where several types of radicals are involved. Furthermore, the evolution of trapped products illustrates
the evolution of radical species that are born, transformed, and perished at the different stages of this
multistage process.

Table 2. Detection of spin-trapped species by mass spectrometry illustrates formation and evolution of
multiple radical species throughout the radical cascade.

O O SnBu,
0

A o_ BuzSnH o)
N toluene O N R
+N _—
o AU Trefux ten AT
NC | Ny, k
spin trap | R = CMe,CN, SnBus,
OBn CH,Ph, cyclized
intermediates
\ \ \ \
0 2 4 8

time, h

It is interesting to analyze how the nature of the transient radical species changes as the reaction
proceeds. When added at the beginning, DMPO traps only (Me),CCN (the radical generated via AIBN
fragmentation), confirming that AIBN is indeed the first source of radicals, i.e., the cascade initiator.
Addition of the spin trap after 2 h traps the AIBN-derived radical, the BusSn radical and the first cyclized



radical intermediate which still bears the MeO and PhCH; moieties, i.e., both of the potential leaving
groups. Note the absence of the phenalenone product at this stage (fully consistent with the NMR results
presented in the S, Figure S1). The continuous presence of Sn-centered radicals throughout all reaction
stages agrees with the “reductive termination with reentry” pathway, which depends on the reversible
formation of such radicals at the intermediate stages of this reaction, as shown in Figure 9.

After 4h, the spin trap reports the appearance of PhCH;-radical and the last radical intermediate
that leads to product formation. Importantly, only at this point, we also see the beginning of the product
formation. This result suggests that the final product originates from a PhCH,- radical fragmentation,
providing support to our hypothesis of the final step (carbonyl formation) mediated by the O-CH,Ph bond
scission. Clearly, the capture of this cyclized radical intermediate bearing only PhCH, moiety provides
strong experimental evidence that the departure of the MeO group precedes that of the PhCH; group.

After 8 h, radicals derived from AIBN are not detected but SnBusradical is still present, an evidence
for SnBus radical re-entry in the proposed mechanism. The fact that SnBus radical is the only initial radical
that remains half-way through the reaction time again suggests the cascade’s preference for the reductive
termination pathway (Figure 9) over the oxidative route (Figure 10). This is consistent with the absence of
MeOSnBus as well as the doubly stannylated intermediate | proposed in the oxidative termination
pathway (Figure 10).

Interestingly, we did not detect the DMPO-OMe adduct in any of the four experiments. This can
be explained in two ways: either 1) the initial hypothesis was wrong and the MeO fragment does not
depart as a radical, or 2) the OMe radical reacts faster with a different partner. For the first scenario, one
can consider deprotonation of the radical®*® to form a transient radical anion that can lose the methoxide
anion. Computational data disfavor the anionic path as the radical-anion fragmentation is predicted to
be strongly endergonic (AG = 34.8 kcal/mol). Moreover, removal of a B-proton, the requisite preceding
step for MeO anion departure, is even more uphill in the absence of a strong base. It is also possible that,
due to the relatively high oxophilicity of tin, OMe radical reacts with intermediate compounds with weak
C-Sn bonds (such as dearomatized intermediate | in Figure 10) faster than with the trap. Such reaction
with the formation of intermediate B and MeOSnMej is ~50 kcal/mol exergonic (see the Sl).

It is noteworthy that only the relatively nucleophilic radical species, namely SnBus, (Me).CCN and
other C-centered radicals, were captured while MeO radical, an electrophilic species, was not.*> While
DMPO is suitable for trapping MeO radical,'*? the rate of this reaction is likely to be lower than the reaction
of DMPO with nucleophilic radicals. Hence, if SnBus and (Me),CCN radicals are also present and more
abundant, they may with react with DNPO instead of the relatively electrophilic MeO radical.

Analysis by EPR spectroscopy further confirmed the formation of different radicals at different
stages of reaction (see the Sl). Unlike the mass-spec, EPR does not provide the formulas for each of the
radical species but it has clearly confirmed the fact that the nature of radical species changes as the
reaction proceeds.

Role of thermodynamics in radical fragmentation steps

We explored the thermodynamics of C-O radical fragmentation in order to find methods to
increase the favorability of the intended fragmentations. The formation of the carbonyl via C-O scission
resulting in the loss of the CH,Ph radical is unfavorable by 16 kcal/mol (Figure 8). Analysis of the
fragmentation step summarized in Figure 12 illustrates the effect of aromatic stabilization and radical
delocalization on the thermodynamics of this key step. Not surprisingly, in the first equation going from a
non-radical to two radical intermediates by breaking the C(sp®)-O bond in anisole and generating an O-



radical and a CHs-radical is highly unfavorable (eq. 1, Figure 12). This fragmentation is nearly half as
endothermic when one starts with a radical reactant (eq. 2). The C-O fragmentation can be made less
unfavorable by coupling the fragmentation with a gain in aromaticity or conjugation in the non-radical
product (eq. 3-5). Finally, the role of radical delocalization in stabilizing the product was explored. The
thermodynamic cost of fragmentation can be lowered by stabilizing the departing radical as either a
phenyl or diphenyl group (eq. 6 & 7).

These equations highlight three factors to be considered in the design of the radical C-O bond
fragmentations for lowering their thermodynamic cost: 1) starting with an open-shell radical reactant, 2)
pairing fragmentation with a gain in stabilization (through conjugation) in the closed-shell product, and 3)
stabilization of the departing radical through delocalization of the radical. When all three of these factors
are combined the thermodynamic penalty can be lowered to 8.0 kcal/mol (eq. 8) compared to the nearly
52 kcal/mol thermodynamic penalty in eq. 1. Unfortunately, the C-O scission where a carbon-centered
radical is formed is still endergonic (eq. 5, 6, and 8). Although the penalty is not prohibitive, it may indicate
that the fragmentation step needs to be assisted by a fast exergonic reaction, such as capture of the
departing radical, as well as by the high reaction temperature.

The other necessary C-O fragmentation results in an oxygen-centered radical (instead of the
previous carbon-centered radical). All three of these factors contribute to the exergonicity of eq. 3, where
the loss of a delocalized OMe radical is coupled with the gain of aromaticity in the closed-shell product.
Implementing our findings from these thermodynamic equations to our reaction results in only a small
thermodynamic penalty, eq. 9 and 10.

Role of thermodynamics of radical C-O bond fragmentation in different systems

o AH, AG AH, AG

~o
@ 67.1, 52.1 (eq. 7) E\ ~«CHPh, ‘
— 18.9,3.7
~0 o)
~oCH
(ea. 2) @ — 38.9, 25.1 S”“"es

SnMe;
o OO
23.7,8.0

~0
(eq. 3) © -«OMe © -2.4,-16.7 B 2a

(eqa. 1)

o SnMe; SnMe;
O ~ O oM Ph
-eOMe
(eq.4) — O 6:2,-7.0 (eq.9) ‘ OBn -«OMe ‘ OBn
—_—
(U (T s
o O o) Me,S H MegS I
-eCH,
—_—
@9 (1" (1) e
Ph o) Ph
(eq. 10) o
. OBn (@] H OBn -eOMe HH OBn
wn LI am O CXT T T s
OO (00w F e



Figure 12. Role of thermodynamics of radical C-O bond fragmentation in different conjugated systems.
Note that carbonyl-forming fragmentations are more favorable than benzylic C-O scission, even though
the latter leads to a highly stabilized phenoxy radical.

Photophysical Properties

Phenalenones and their derivatives have rich photophysical properties and they are known
as good singlet oxygen photosensitizers.6%1% Substituents on phenalenones and structural variations can
strongly influence the photosensitizing properties.'®®%” Inspired by our library of structurally diverse

158,159

functionalized phenalenones, we explored the relationships between their structure and properties. To
compare the photophysical properties for the isomeric conjugated ketones, we analyzed absorbance and
emission spectra for selected compounds (Figure 13).

In this family of isomeric phenylphenalenones (Figure 13a), compounds 2p-Sn and 2k-Sn show
noticeable differences absorption spectral profile relative to 2a-Sn and 2f-Sn. Absorption of 2k-Sn has a
~10 nm red shift relative to 2p-Sn. This feature can be attributed to the positions of the three substituents
(the ketone, the alkene, and the Ph group) relative to the common naphthalene core of the four isomeric
compounds. On the other hand, change from an aryl to an alkyl substituent in the two ketones with the
same core (2a-Sn and 2e-Sn, Figure 13b) leads to nearly identical absorption spectra, indicating that the
nature of this substituent does not have a large effect on electronic structure of the chromophore. This is
consistent with the observations from the X-ray geometries that clearly indicate that the pendant
aromatic substituents are nearly orthogonal to the tricyclic chromophore core.

For the family of m-extended phenalenones (Figure 13c), the absorption spectra of all three
isomers are red-shifted in comparison to the spectra of parent phenalenones 2. However, the position of
absorption peaks changes considerably depending on the structure. The absorption of ketone 4¢c-H is blue-
shifted relative to the absorption of ketone 4a-H and 4c-H (by 40 and 80 nm, respectively). These large
differences stem from the variation in the electronic nature of the tetracyclic aromatic cores of the
respective chromophores, i.e., the chrysene unit in ketone 4c-H vs. the benz[a]-anthracene units in ketone
4a-H and 4b-H. Chrysene has a higher HOMO-LUMO gap than benz[a]-anthracene (tetraphene).®® Both
of the diketones, 6 and 7, have absorption maxima that are similar in energy to that of the individual
ketone subunit, suggesting that electronic communication between the two phenalenyls in these two
systems is relatively small.

Emission from a cross section of the compounds were measured and the results are summarized
with Table S2. The emission energy generally tracks with the trend in absorption with the n-extended
phenalenones being the most red-shifted (>480 nm) and the pheylphenalenone and phenalenyl diketones
exhibiting similar emission energies from 420-440 nm. Aside from 4a-H (®f = 0.01) and 4b-H (O, = 0.08),
the emission quantum vyield was <0.1%. Presumably the increased rigidity of the m-extended
phenalenones derivatives decreases the non-radiative decay rates and increases the emission quantum
yield. The lower emission quantum vyield of 4c, relative to 4a and 4b is consistent with the assigned
fluorophoric core in Figure 6¢c where chrysene emitters are typically less efficient than there benz[a]-

anthracene counterparts.*®®
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Figure 13. Normalized absorption spectra in dichloromethane for the (a) isomeric phenylphenalenones
family; (b) phenalenones 2a-Sn and 2e-Sn; (c) isomeric m-extended phenalenones (d) alkyne-bridged
phenalenyl diketones.

CONCLUSIONS

One does not need an oxidant to direct alkyne radical annulation cascades to the formation of
formally oxidized products (e.g., phenalenyl ketones). The oxidized partially aromatized products can be
selectively obtained without adding an oxidant via a controlled termination strategy. In this strategy,
radical alkyne peri-annulations are extended to convert a pre-installed OR ether moiety into a keto group
via radical O-R bond scission.

Attaching an O atom with a leaving group into the phenalenyl radical allows one to “capture” spin
density at each of the resonance structures contributing to radical delocalization in the phenalenyl radical
via a C-O bond fragmentation. The presence of the C-O bond “pre-programs” the substrate, so only one
of the possible phenalenyl ketone products is formed selectively. An attractive feature of this approach is
that the ketones are formed without the oxidation step that has been necessary for previous 1°-
generation peri-cyclizations. Remarkably, even the least stable phenalenyl ketone isomers (up to 5
kcal/mol higher in energy than the most stable isomer) can be obtained from this newly designed double
radical cascade. Although the yields are sometimes modest, the overall sequence includes four to five
steps, so the 7-53% overall yields correspond to ~51-85% average yields for each of the individual steps.



Multiple potential pathways of the two radical cascades were explored computationally. From the
post-cyclization radical intermediate A direct fragmentation of either of the two target C-O bonds is
unlikely. Hence, the overall one-pot transformation requires two rounds of “post-cyclization” radical
activation, referred here as the “radical cascade with a double re-entry”.

Remarkably, each of the two additional stages in the extended sequence is terminated via C-O
bond scission but leads to structurally different outcomes — a) loss of an alkoxy group with aromatization,
and b) loss of an alkyl group with the carbonyl moiety formation. Both fragmentations are facilitated by
the radical nature of the intermediates and, hence, once one cascade is terminated by the fragmentation
that forms a non-radical intermediate, the 2" sequence of radical transformations must be reinitiated,
explaining the necessity of using one equivalent of AIBN (i.e., two equivalents of the AIBN-derived C-
centered radicals). Interestingly, experiments with the DMPO spin trap clearly indicate that the radical
species continue to be generated long after the AIBN-derived radical exit the stage. In particular, the BusSn
radical is present throughout the whole process. The experimental evolution of partially aromatized C-
centered radicals indicates that the loss of OMe group occurs first and the loss of benzyl radical happens
at the final stage of the cascade. The order of steps in this sequence is fully consistent with the need to
form an aromatic naphthyl moiety to compensate for the loss of aromaticity in a ring that is destined to
become a cyclic enone after the O-Benzyl bond is cleaved (Scheme 6).

Although the product of initial cyclization has spin density at a position where it can potentially
assist to O-Bn bond scission, the reaction is unfavorable because it would result in uncompensated loss of
aromaticity at the O-Bn-substituted ring. Pre-aromatization of the adjacent OMe-substituted ring is
needed to make that loss inconsequential. Computational evaluation of the possible scenarios suggests
multiple pathways for the loss of OMe-group which are consistent with the combined experimental and
computational data. These pathways include additional radical reactions needed to move radical centers
at the positions where the radicals can assist in B-bond scissions. For example, an intriguing “radical
catalysis” sequence, where a weak C-Sn bond is formed and broken reversibly, can inject an activating
radical center at each of the two sets of positions within the tricyclic system (stars and circles in Scheme
6). The need for additional radical reactions agrees very well with the experimental necessity for the
excess AIBN and BusSnH.

The general importance of this work is that it reveals a working radical cascade outside of the
usual paradigm of efficient radical chain reactions. Even when the chains are broken, the radical cascades
can be restarted, first with the excess of radical initiator and then via reactivation of transiently formed
weak covalent bonds. This design provides another connection between radical chemistry and dynamic
covalent chemistry. *° The presence of weak benzylic/allylic C-Sn bonds accounts for the generation of
Sn-centered radicals throughout the multistage cascade sequence.
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Scheme 6. A conceptual summary of the “multiple reentry” radical cascade that takes the initial peri-
cyclization product through the sequence of two radical C-O fragmentations. Arrows are shown in the
direction that indicates progress towards the final product. Under the reaction conditions, some of these
reactions can be dynamic equilibria. Note that radicals must be formed transiently at any carbon in each
of the two sets of phenalenyl carbons (labeled here as * and o). A radical at any carbon in one of these
sets is suitable for assisting in one of the two C-O fragmentations. Radicals experimentally detected
through spin-trapping experiments are placed in highlighted blue circles. Also note that the BusSn radical
is present throughout the whole process.

We have further expanded this design for termination of radical exo-dig cyclization cascades of
bis-alkynes in which peri-attack of the vinyl radical intermediate at naphthalene creates “m-extended”
phenalenyl unit. The OBn group at different position directs the carbonyl formation, giving isomeric -
extended phenalenones selectively. This strategy also provides “defect”-free hexagonal polycyclic
framework that contains an odd number of carbons and, hence, is suitable for the synthesis of stable
aromatic radicals. The Sn- and I-substitution that arises naturally from this chemistry lends itself to the



subsequent incorporation of such units into larger spin systems. Our future work will concentrate on
transforming the new family of phenalenones into structurally diverse aromatic radicals and diradicals.

COMPUTATIONAL DETAILS AND METHODS

All calculations were carried out using Gaussian09'7° at the uM06-2X/LanL2DZ level of theory with
Grimme’s dispersion’”® (emp=gd3) in the gas phase with an ultrafine integral (int=uf) at standard
temperature (293.15 K) (unless stated otherwise in the figure). The unrestricted M06-2X'%73 functional
is known to provide a relatively accurate description of reaction and activation energies for a variety of
chemical processes including radical reactions.®®3%7%  potential conformers for the proposed
intermediates were explored using Conformer-Rotamer Ensemble Sampling Tool (CREST).Y”> Frequency
calculations were performed in order to verify the structure as a stationary point or transition state. IRC
calculations were conducted on all transition state molecules to ensure they exist on the correct potential
energy surface. Spin density images were constructed using IQmol*’®and transition state images were
constructed using CYLview.”’
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Full experimental details, *H NMR, *C NMR, NMR spectra for all of the prepared compounds, X-
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