Tales of the Unexpected: Selectivity of Nucleophilic Additions to

Zigzag Nanographene Diones

Peter Ribar,® Leo$ Valenta,® Tomas§ Solomek,** and Michal Juri¢ek*d

aThese authors contributed equally to this work.

bDepartment of Chemistry, University of Basel, St. Johanns-Ring 19, CH-4056 Basel, Switzerland
°Department of Chemistry, University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich, Switzerland
dPrievidza Chemical Society, M. Hodzu 10/16, 971 01 Prievidza, Slovak Republic

"The title refers to Roald Dahl’s book Tales of the Unexpected.

fopology O
matters

needs NU\J O  size
directing group\\/ dependent

Abstract: Nucleophilic addition of carbon-centered nucleophiles to nanographene ketones
represents a valuable late-stage method for the functionalization of zigzag nanographenes, but its
use is rare in the chemical literature. Using two model systems, non-Kekulé triangulene-4,8-dione
and Kekulé anthanthrone, we identify unexpected regioselectivities and uncover the rules that
govern these reactions. Considering the large number of nanographene ketones that have been
reported since the pioneering work of Eric Clar, this method enables synthesis and exploration of

hitherto unknown functionalized nanographenes.



1. Introduction

The finite fragments of graphene—nanographenes—are ideal molecular models for investigating
the relationship between the structure and properties of semiconducting® and magnetic® materials
based on graphene nanoribbons. The bottom-up synthetic access to these materials® is key for
meeting the expectations and shaping the future of the molecular electronics.* Routine issues that
need to be addressed when synthesizing nanographenes are stability® and solubility.® A classic
example are acenes,’ the thinnest possible nanoribbons, elongation of which increases charge
mobility but decreases chemical stability.® Lateral extension (see anthracene and anthanthrene in
Figure 1) overcomes this problem but limits the solubility, and thus processability, of such
nanographenes.® Conveniently, both issues can be solved by installment of peripheral substituents
that prevent molecules from reacting and stacking,'® in addition to tuning their molecular*! and
bulk properties.!? The drawback is that introduction of substituents embodies an additional hurdle

on the synthetic pathway and may defy synthetic chemists to reach the target.

Thanks to the recent advances in C—H activation, the cross-coup-ling reactions enable introduction
of substituents to different positions.'® This method, however, cannot always be applied to all
positions in zigzag nanographenes. For example, it would be difficult, if possible at all, to modify
positions at the center of the edges in Clar’s hydrocarbon triangulene (Figure 1). A common
approach to install substituents in zigzag nanographenes is a nucleophilic addition to an aldehyde
prior to the nanographene core formation by the Friedel-Crafts alkylation,** which decreases
modularity. A better but far less common method is to add nucleophiles to the products of the

Friedel-Crafts acylation, the simplest method to construct zigzag nanographenes.*®

This strategy has been successful for making a variety of acenes up to pentacene by 1,2-additions

),1218 while only acetylide

of carbon-centered nucleophiles to the corresponding quinones (Figure 1
1,2-additions have been reported for hexacene and higher acene quinones.!!” On lateral
extension, acetylide 1,2-additions are common,'® whereas only one example of heteroaryl 1,2-
addition has been described on anthanthrone.'3® Other aryl substituents have been introduced by
multistep sequences.'*° Despite the examples, where 1,2-additions work, it is striking that this
strategy is not generally applied to extended systems, for which the ketone precursors are known.
For instance, triangulene (Figure 1) is an example of an open-shell zigzag nanographene that has

never been isolated in the solid state.
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Figure 1. Regioselectivity of additions of carbon-centered nucleophiles to ketone precursors of

Kekulé (anthracene, anthanthrene) and non-Kekulé (phenalenyl?, triangulene) nanographenes.

This non-Kekulé triplet diradical was only made twice in its neutral form: in 2001 as a short-lived
tri-tert-butyl derivative® and in 2017 as a naked system on surface under ultra-high vacuum.?! It
is a paradox that for almost 70 years, the ideal precursor for such task, triagulene-4,8-dione, is
known since the first synthetic attempts by Eric Clar in 1950s.2% All it would take to make persistent
triangulene is to perform a nucleophilic 1,2-addition at the carbonyl centers of the triagulenedione

core and reduce the ensuing diol. Where is the catch?

We selected two isomeric zigzag model systems, based either on triangulene or anthanthrene
(Figure 1), to uncover the rules that govern nucleophilic additions on zigzag nanographene ketones

and to understand why the use of this method is uncommon in the chemical literature.
2. Results

Each model system comprises of 22 carbon atoms and six benzenoid rings. While the Kekulé
conjugation topology of anthanthrene is the same as that of acenes, the isomeric triangulene has a
non-Kekulé topology. We improved the solubility of model diones by a minimum number of
substituents distant from the reactive centers (see the SI) to get a better control over the reactions.
We used two readily available reagents as carbon-centered nucleophiles, phenylethynyllithium

(PhCCLi) and 3,5-di-tert-butyl-phenylmagnesium bromide (ArMgBr), which serve as models for



common substituents that control solubility, aggregation, electronic structure, and solid-state
morphology of nanographenes. It was important to determine the exact concentration of the
reagent before each experiment to get reproducible results. In the case of double 1,2-additions, a
reduction of the diol intermediate by SnClo was performed to obtain the corresponding
nanographene, which simplified purification and product identification. Likewise, conjugate
additions were followed by an oxidation of the enol intermediate by Oz or I2. The structure of all
products was confirmed by 2D NMR spectroscopy to unambiguously identify the position, where

the nucleophilic addition took place.
2.1. Triangulenedione

We attempted a double 1,2-addition to triangulenedione by reacting its soluble derivative T1 (Ar
= 3,5-di-tert-butylphenyl, Scheme 1) with an excess of ArMgBr. If successful, the product would
yield an ideal precursor of a persistent triangulene. Instead, we obtained a complex mixture of
products, which we were unable to identify. One equivalent of ArMgBr, however, gave a clean
1,4-addition providing T2 after oxidation in 75% yield (Scheme 1). A more reactive ArLi
nucleophile expected to favor a 1,2-addition preserved the 1,4-selectivity, albeit with a lower yield
(44%). To our surprise, we observed no conversion in the reaction of dione T1 with one equivalent
of PhCCLi, an excess led again to a complex reaction mixture. This reactivity is in stark contrast
to that observed for acene quinones, which give exclusively 1,2-additions. The most closely related
system to dione T1 that is known to undergo 1,4-additions is phenalenone®® (Figure 1), even
though it has only one carbonyl group. Nevertheless, its lowest unoccupied molecular orbital
(LUMO, Figure S1) is analogous to that of triangulenedione, which suggests that conjugation

topology? governs the selectivity.

Scheme 1. Nucleophilic additions to triangulenedione

dione 1,4-addition oxidation

™ T2
“Ar = Nu = 3,5-di-tert-butylphenyl, M = MgBr or Li.



2.2. Anthanthrone

This dione is a lateral extension of anthraquinone. It displays analogous LUMO (Figure S1) and
one would expect it to undergo solely 1,2-additions, like anthraquinone. Indeed, the reaction of
dione A1 (R = 3,5-di-tert-butylphenyl) with two equivalents of PhCCLi gives the product of a
double 1,2-addition (A2; 72% yield); the use of one equivalent results in 1,2-product A3 (86%,
Scheme 2 and Table 1). The reaction with an excess of ArMgBr, however, leads to a product of

consecutive 1,2- and 1,4-additions (A4; 83%).

Scheme 2. Nucleophilic additions to anthanthrone®

dione 1,2-addition® 1,4-addition®

A1, R=Ar A3, R =Ar, Nu=PhCC A5, R =Nu=Ar
A8, R =oPhCC A6, R=Nu=Ar
e
1,2 & 1,29 1,2 & 1,4° 1,4 & 1,4¢
Nu Nu
R R R
Sec v o aa et
R R
Nu Nu OH Nu
A2, R =Ar, Nu=PhCC A4, R=Nu=Ar A7, R=Nu=Ar
A9, R = oPhCC, Nu = PhCC A10, R = oPhCC, Nu = Ar

A11, R =Ar, Nu=Mes

4Ar = 3,5-di-tert-butylphenyl, PhCC = phenylethynyl, oPhCC = (4-octylphenyl)ethynyl, Mes =
mesityl. >¢?¢[solated after subsequent “protonation, “oxidation (O2 or I2), “reduction (SnCl2), and
¢dehydration. /Without protonation after the first 1,2-addition. éWithout oxidation after the first
1,4-addition; nucleophile adds to the enol intermediate of 1,4-addition (Figure 4).



Table 1. Nucleophilic additions to triangulenedione and anthanthrone®

. Nu product 1 product 2
dione  Nu o iv (#yield) (4 yield)
1.4
Tl  ArMgBr 1 ’ — b
(T2, 75%)
T1 ArLi 1 14 b
i (T2, 44%) -
T1 Slr\l/f}l); 1+2 n.r. n.r ¢
1,2&1,2
Al PhCCLi 2 ’ ’ —b
(A2, 72%)
. 12 \
Al PhCCLi 1 (A3, 86%) -
1,2& 1,4
Al  ArMgBr 10 Ad. 83% —b
(A4, 83%)
Al ArMgB 1 14 1,2
Test (A5,50%) (A6, 34%)
. 1,2& 1,4 14& 1,4
Al Arli B3 (a4, 75%) (A7, 22%)
ALi+ 10+ . .
Al DMPU 20¢ n.r. n.r.
1,4 & 14 ,
Al  MesMgBr 10 (A11, 91%) -
. 1,2&1,2
A8 PhCCLi 10 A9 86% —b
(A9, 86%)
14& 1,4 b
A8  ArMgBr 10 (A10, 69%) —
. 1,4 & 1,4 \
A8 ArLi 2 (A10, 40%) -
A8 S;I/EII’IJ} 2+4 n.r.¢ n.r. ¢

“Refer to Schemes 1 and 2. Al, Tl: R = Ar = 3,5-di-fert-butylphenyl, A8: R = (4-
octylphenyl)ethynyl, Mes = mesityl, DMPU = N,N'-dimethylpropyleneurea. Not observed. “No

reaction. “Quenching of the reagent with DMF led to >90% ArCHO formation.



To determine which addition is faster, we performed this reaction with one equivalent of ArMgBr.
Unexpectedly, we isolated the product of 1,4-addition (AS; 50%) in a yield higher than that of 1,2-
addition (A6; 34%). To the best of our knowledge, this has never been observed in linear acene
quinones. This result suggests that each initial adduct undergoes the subsequent addition with a
complementary selectivity to form one product A4. We tested if a more reactive nucleophile such
as ArLi would suppress 1,4-addition, but we observed an opposite effect. Reacting an excess of
ArLi with A1, we isolated the product of a double 1,4-addition (A7; 22%) besides A4 (75%), the
sole product of ArMgBr addition. We thought that the bulky solubilizing R groups in A1 could
steer the selectivity towards 1,4-addition due to steric hindrance. For this reason, we synthesized
anthanthrone A8 equipped with sterically non-demanding (4-octylphenyl)ethynyl substituents.
The reaction of A8 with PhCCLi proceeded as before in a 1,2-fashion (A9; 86%), but ArMgBr
perplexed us again—we isolated exclusively the product of a double 1,4-addition A10 (69%,
Scheme 2 and Table 1).

2.3. General considerations

According to the equation of Klopman and Salem,?* the reactivity of electrophiles and nucleophiles
is governed by three terms: Coulombic interaction, orbital overlap and Pauli repulsion. When
applied to a,B-unsaturated carbonyl systems, the Coulombic term is in favor of 1,2-additions, while
orbital overlap promotes 1,4-additions. For acene quinones, exclusively 1,2-additions with
nucleophiles PhCCLi and ArMgBr are documented in the literature.'>!”-!® In contrast,
phenalenone, a compound of similar size but different conjugation topology, undergoes solely 1,4-
additions?® (Figure 1). Clearly, the topological equivalence of triangulenedione and phenalenone
leads to the same selectivity. On the other hand, the case of anthanthrone reveals that the rules,
which govern selectivity, go beyond topology. Necessarily, the size of the nanographene core must

be in play as well.

Indeed, we found three cases of extended Kekulé nanographene diones, where solely the products
of 1,4-addition with ArMgBr were isolated.?® This unexpected selectivity, which has never been
fully rationalized, might be the reason for the scarcity of the use of this method in the nanographene
synthesis (see sections below). In what follows, we analyze the contribution of each term of the
Klopman—Salem equation and provide the basis for predicting the selectivity of nucleophilic

additions to zigzag nanographene ketones.



2.4. Theoretical insight

We performed DFT calculations to determine charges (¢, Hirshfeld) and LUMO coefficients (c) at
the relevant positions of triangulenedione and anthanthrone. The former provides an estimate of
the Coulombic term, while the latter the orbital overlap term (Figure 2). The carbonyl carbon atoms
in both compounds bear the largest and similar positive charge and their coefficients in LUMO are
smaller than those at the 1,4-positions. Compared to phenalenone and anthraquinone (Figure S2),
the core extension leads to an increase of the ci1.4/c1,2 ratio, while the charges remain qualitatively
the same. The same trend is observed upon longitudinal extension in acene quinones (Figure S3).
Based on the documented regioselectivity of phenalenone and anthraquinone, it may appear that it
is dominated by orbital overlap. This observation holds true also for non-Kekulé triangulenedione

but in the case of anthanthrone the situation is more complex.

The charges and the change of the c1.4/c1,2 ratio with the size of the n-system do not allow to make
clear-cut predictions in every case. For this reason, we calculated the Fukui functions (f), which
express the change in electron density upon changing the number of electrons in the system. In our
case, it is the change in electron density of the electrophile (ketone) upon addition of the
nucleophilic electron pair. The Fukui function thus combines the Coulombic and the orbital overlap
terms of the Klopman—Salem equation into one reactivity descriptor. We decomposed the Fukui
function to individual positions in the ketones, an approach that has been successfully applied by
others® to understand the observed experimental selectivity. Note, however, that the steric
repulsion (s) is not included in the Fukui function. The corresponding rate constants (k) for the
respective additions (1,2 or 1,4) of a given nucleophile can be therefore thought of in terms of the

following simplistic relations:

kig~fiz x s127! (1)
kia~fiaxsia! (2)



non-Kekulé Kekulé

Ay 1,2 1.4 1,4 1,6 1,6' 1,2 1,4 1,4 1,6
g 0.147 0.049 0.042 0.031 0.027 0.150 0.043 0.024 0.030

c| 0.140 0.297 0.022 0.304 0.422 0.194 0.217 0.010 0.239
f 0.028 0.054 0.023 0.048 0.060 0.044 0.041 0.020 0.045

Figure 2. Hirshfeld charges (g), orbital coefficients in LUMO (c), and Fukui functions (f) for
triangulenedione and anthanthrone calculated by DFT (gray table); the highest out of two values
for 1,2- and 1,4-additions is shown in bold. The NICS(1) values (ppm, ring centers) and C—C bond

lengths (A, bold) are shown in the structures.

2.5. Analysis of triangulenedione

The calculated charges (q) reflect the expected trend (Figure 2, left). They decrease monotonically
with increasing distance from the carbonyl center (2—4—6—6'). Non-intuitively, the orbital
coefficients (¢) follow exactly the opposite trend, with the largest contribution to LUMO at position
6. The Fukui function (f), however, breaks the monotonous nature of these trends, with the highest
values at positions 4 (0.054) and 6’ (0.060). One would then assume that the nucleophilic addition
to T1 takes place preferably at position 6’ in contrast to the experimental finding—exclusive attack
at position 4 (Scheme 1, Table 1). This result suggests that metal coordination to carbonyl’s oxygen
atom is required for the reaction to take place. We confirmed this hypothesis by performing the
addition to T1 with ArLi with and without DMPU as a chelating agent for Li ions. While ArLi
forms the expected product T2 in 44% yield, we observed no reaction in the presence of DMPU?’
(Table 1). The same result was obtained with Kekulé anthanthrones A1 and A8 (Table 1). We can

thus conclude that conjugate additions on nanographene diones require a directing group. In



triangulenedione, 1,2- and two conjugate 1,4- and 1,4'-additions are therefore feasible and the
Fukui function correctly predicts the experimental outcome. Indeed, a 1,4’-addition would disrupt
one of the two Clar’s sextets, unlike 1,4-addition (see Scheme 1). This result is further corroborated

by the calculated C—C bond lengths and NICS values (Figure 2).
2.6. Analysis of anthanthrone

As in triangulenedione, the Coulombic interaction clearly favors 1,2- over 1,4-addition, but the
orbital overlap prefers 1,4- over 1,2-addition only moderately (Figure 2). As a result, the Fukui
function at positions 2 (0.044) and 4 (0.041) have comparable values, with a slightly higher value
at position 2. Accordingly, reaction of one equivalent of ArMgBr with Al displays both
selectivities, but with a preference for 1,4-addition (k14/k12 ~ 3:2, Scheme 2, Table 1). Reactions
with PhCCLi, however, differ and give exclusively the products of 1,2-addition. This observation
is not so surprising because the Fukui function does not include Pauli repulsive interactions and
the sizes of these two nucleophiles significantly differ. Biirgi and Dunitz showed that nucleophiles
attack carbonyl centers under an ideal angle of 107°.28 This means that the nucleophile can

experience a steric clash with the m-electron cloud in extended nanographene ketones (Figure 3).

top view side view

1,4 —=

Figure 3. Illustration of the effect of the Pauli repulsion on the nucleophilic 1,2- and 1,4-addition

to anthanthrone.
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On the other hand, the nucleophile in a conjugate addition attacks the reactive center at the edge
from the outside of the nanographene core. Consequently, 1,2-additions suffer more from Pauli
repulsion and in the case of bulkier nucleophiles, such as aryls, the Pauli term can outweigh the
other two terms in the Klopman—Salem equation, steering the selectivity towards conjugate
addition. The excess of ArMgBr gives a single product of a mixed 1,2-/1,4-addition in a very good
yield (83%), which indicates that each of the two intermediates A12 and A13 (Figure 4) formed
after the first ArMgBr addition undergoes a selective complementary second addition (Scheme 2).
That means that A12 undergoes a 1,4-addition and A13 a 1,2-addition. While the latter clearly
follows the prediction of the Fukui functions (Figure 4, right), the former is a borderline case,
where the sterics must overweigh the minor electronic preference for 1,2- in favor of 1,4-addition.
If the steric repulsion has such a strong effect, then one expects that increasing the steric bulk of
the nucleophile will push the selectivity in favor of 1,4-addition even more in each of the two steps.
In an extreme case, even a product of a double 1,4-addition could form. To confirm this hypothesis,
we performed the reaction of A1 with an excess of mesityl magnesium bromide (MesMgBr,
Table 1) and isolated exclusively the product of a double 1,4-addition A11 (91%). The same
change of selectivity upon increasing steric bulk of the nucleophile was observed for
benzophenalenone.?® The steric argument holds true also for the case of 1,2-addition of thienyl

lithium to anthanthrone,'** as thienyl is less bulky than 3,5-di-zert-butylphenyl.

The reaction of A1 with an excess of ArLi affords two products: mixed A4 (75%, Table 1) and the
product of a double 1,4-addition A7 (22%). The formation of A7 is unexpected considering that
the size of nucleophile (Ar) did not change compared to ArMgBr and organolithiums are known
to favor 1,2-additions.®® Because in ArLi the C-M bond is more polarized than in ArMgBr, ArLi
is more basic and reactive, which might give an impression that it is also harder. In our reactions,
however, ArLi appears to be softer than ArMgBr, which is in agreement with calculated average

local ionization energies (PhLi: 6.0 ¢V, PhMgBr: 8.2 ¢V).3!
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1,2-addition 1,4-addition

Nu OM

LI

O
A12: M = MgBr A13: M = MgBr
Ay 1,2 1,4 1,4 1,2 1,4 1,4
q 0.147 0.041 0.019 0.134 -0.006 —0.030
le| 0.239 0.297 0.012 0.303 0.305 0.249
f 0.054 0.053 0.015 0.065 0.050 0.044

Figure 4. Hirshfeld charges (g), orbital coefficients in LUMO (¢), and Fukui functions (f) for A12
and A13 (R = Ar = 3,5-di-tert-butylphenyl) calculated by DFT (gray table); the highest out of two
values for 1,2- and 1,4-additions is shown in bold; calculations were carried out for R=Nu=M =

H (A12) and R =Nu=H, OM = O (A13).

To exclude any steric effect of the R substituent on 1,2-additions, we tested the same reactions on
A8 equipped with sterically non-demanding substituents (R = (4-octylphenyl)ethynyl), Scheme 2,
Table 1). Both ArMgBr and ArLi gave the same unexpected result, a single product of a double
1,4-addition. This rules out the steric effect of the R groups and points at an enhanced electronic
effect. Indeed, the ethynyl groups perturb the frontier molecular orbitals and affect the Fukui
functions. While in A1 and A13, the Fukui functions favor 1,2-addition, this preference diminishes
with ethynyl side groups (Figure S5). Even though the change is subtle, it has a profound

consequence on selectivity.
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2.7. Rules of thumb

Our observations can be summarized into the following basic set of rules for nucleophilic additions

to zigzag nanographene ketones:

1. A directing group is required.

2. Conjugation topology affects the electronic preference of 1,2- versus 1,4-selectivity,
expressed by fi.4 / fi2 ratio (Table 2, vertical).
3. Increasing the extent of n-electron cloud and size of the nucleophile steers the selectivity

towards 1,4-addition (Table 2, row 2).

4. Steric bulk imposed by additional substituents at or close to the reactive position or non-

planar geometry may alter the expected selectivity (see Applications section).

Table 2. Rules of thumb
Nu (—) non-bulky bulky
dione () (e.g., PhCCLi) (e.g., ArMgBr)
; 1,4 1.4
Sialfiz>1 (phenalenone) (triangulenedione)
1,2 1,2 and 1,4
- b ) 9 9
Sialfiz~1 (anthanthrone) (anthanthrone)
. 1,2 1,2
fialfiz<l (anthraquinone) (anthraquinone)

“Typical for non-Kekulé conjugation topology (possible also for Kekulé, see Applications section).

bPossible for both non-Kekulé and Kekulé conjugation topology. “Typical for Kekulé conjugation
topology.

2.8. Applications

In the chemical literature, nucleophilic addition is uncommon as a method to functionalize
nanographene ketones. Our results show that the reason for this might be that a mixture of products
is often formed, in particular if an excess of nucleophile is used. Indeed, we found three reports
describing this issue.?’*32 Although in some cases, products can be formed selectively and in good
yields, understanding the principles that govern these reactions is crucial to control the selectivity.

Below, we test the predictive power of our analysis on three examples from the literature.
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In two reported reactions of extended Kekulé nanographene diones with ArMgBr, 1,4-addition
products were obtained in good yields (Scheme 3). The “butterfly” system from Zhang et al.
(2010)% is analogous to anthanthrone, while the second one®® to anthraquinone. In the former
case, Fukui functions show a preference for 1,2-addition, like in anthanthrone (rule no. 2). We
would, however, expect that the steric clash between nucleophile and the “butterfly arms” of the
nanographene dione significantly increases the magnitude of the steric repulsion compared to
anthanthrone, which should outweigh the electronic preference (rule no. 4). Indeed, the unexpected

Michael addition is the experimental outcome.?>*

Scheme 3. Application to examples from literature

“butterfly” dione by Zhang ef al. (2010)

1. ArMgBr (excess)

-

2. air

1.
ArMgBr
(excess)

2. air

54%

“Note that only a partial oxidation in air of the intermediate hydroquinone obtained after the work-
up takes place. Further dehydrogenation did not occur even upon heating the product in the

presence of p-chloranil at reflux.

The Fukui functions calculated for the unsymmetrically extended hexacenequinone system from
Li et al. (2011)*® favor 1,4-addition, unlike in anthraquinone or anthanthrone. In this scenario,

1,4-addition should be the unequivocal result, which is the case (rule no. 2).
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An intriguing observation was made during the synthesis of persistent [7]uthrene, another non-
Kekulé triplet diradical (Li et al., 2014).%3 The first attempted synthetic route relied on a double
1,2-addition to [7]uthrenedione (U1, Scheme 4). The use of an excess of MesMgBr led to a
complex reaction mixture and no desired product could be detected. It led the authors to re-design
the synthesis and to install the substituents by a nucleophilic addition to a dialdehyde prior to the
nanographene core formation by the Friedel-Crafts alkylation. Once we calculated the Fukui
functions for U1 (Figure S6), this system caught our attention. Analogously to triangulenedione,
no 1,2- but 1,4-addition is predicted (rule no. 2). We therefore re-synthesized U1 and tested the
selectivity of additions with ArMgBr. Stepwise addition/oxidation provided 1,4-addition products
U2 (22%, Scheme 4) and U3 (26%). The reactions with one equivalent of ArMgBr were selective
but slow and the unreacted starting material was recovered. Interestingly, the addition of a large
excess of ArMgBr to U3 afforded U4 (55%), the product of 1,2-addition, despite a lower f value
(fia/fiz ~ 1.2). We attribute this change in the selectivity to a steric hindrance imposed by the
substituent present in position 4 that must be larger than that of the n-electron cloud (rule no. 4),

size of which is intermediate between those of acene quinones and anthanthrone.
Scheme 4. Nucleophilic additions to [7]uthrenedione

explanation of observation by Li et al. (2014)

O | X O 1. ArMgBr (1 equivl O O
‘ = ‘ 2.1, Q‘O.‘
I |
0 o Ar O 0

U1 U2, 22%
f
.8831 1. ArMgBr (1 equw)
0.013 2. p-chloranil

l . i l AngBr(40 equiv) l l

Ar HO Ar
U4, 55% U3, 26%
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To test if triangulenedione gives a similar result as [7]uthrenedione, we performed the second and
the third addition with ArMgBr to T2 (Scheme 5). The second addition/oxidation proceeded as
expected and the Ar group was installed at the second, unsubstituted position 4, affording T3 in an
excellent yield (98%). Interestingly, the third addition also gave a product of 1,4-addition TS
(53%), even though the addition occurred at a position already bearing one Ar substituent (Table

2, row 1).

Scheme 5. More nucleophilic additions® to T2

further steps with triangulenedione?
f
QU
0) (@) ;
1. ArMgBr (1 equiv) o a

> Ar Ar
2 99®

Ar
T3, 98%

1. ArMgBr (0.95 equiv to T5)
(40 equiv to T6)

T6, 37% T4, M = MgBr
2.H:0 [, 15 M=H, 53%

4Calculations of the Fukui functions (f) were carried out for triangulenedione (T3) and OM = O~
(T4).

Compared to [7]uthrenedione, the steric hindrance of the Ar substituent does not overweigh the
more pronounced electronic preference of triangulenedione for 1,4-addition (fi4/fi.2 ~ 2, rule no.
2) combined with the steric hindrance imposed by the larger n-electron cloud disfavoring 1,2-
addition (rule no. 3). When an excess of ArMgBr was reacted with T3, a product of 1,4- and
subsequent 1,6-addition T6 was isolated (37%). To the best of our knowledge, this is the first
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example of 1,6-addition on a nanographene dione. It can be rationalized by the fact that (1) the
Fukui function at position 6" of intermediate T4 (Figure S7) formed upon 1,4-addition is
comparable to those at positions 2 and 4, hindered by Ar group, and larger than that in position 4’
and (2) metal coordination is possible with the oxygen atom of the oxy group, which acts as the
directing group (rule no. 1). This result demonstrates the versatility of this method by judicious

placement of a suitable directing group.
3. Conclusion

We explored the regioselectivity of nucleophilic additions of carbon-centered nucleophiles
ArMgBr and PhCCLi to zigzag nanographene ketones, namely, non-Kekulé triangulene-4,8-dione
and Kekulé anthanthrone. We observed a number of unexpected results and unequivocally
rationalized them as an interplay of electronic effects, expressed by Fukui functions, and sterics
related to the size of nanographene and nucleophile. We compiled our findings into a basic set of
rules that govern these reactions (Table 2), the use of which is rare in the chemical literature. These
principles helped us explain the few known examples with unanticipated selectivity and can be

potentially extended to other types of reactions, such as transition-metal-catalyzed C—H activation.

The synthesis of new nanographenes aids and abets understanding of physical phenomena in
graphene-based materials, important for the future development of organic electronics.
Functionalization of their periphery is crucial to control their electronic structure, solubility,
stability, and self-assembly behavior. In this respect, the selectivity rules of nucleophilic additions
to zigzag nanographene ketones developed in this work do not only allow to install substituents at
a late stage of the synthesis, but make it possible to address positions, which would not be
accessible otherwise. In addition, this method will facilitate synthesis and exploration of new
functionalized nanographenes as a large number of nanographene ketones have been described
since the pioneering work of Eric Clar.

4. Experimental section

Experimental procedures and characterization data for all new compounds described in this work
are compiled in the Supporting Information (sections S2 and S3). Compound T1 was prepared
from 12-hydroxydibenzo[cd,mn]pyrene-4,8-dione described previously®* in two steps. All
chemicals and solvents were purchased from commercial sources and were used without further

purification unless stated otherwise. The reactions and experiments that are sensitive to dioxygen
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were performed using Schlenk techniques and nitrogen or argon-saturated solvents. The NMR
experiments were performed on NMR spectrometers operating at 400, 500, or 600 MHz proton
frequencies. Standard pulse sequences were used. Chemical shifts (J) are reported in parts per
million (ppm) relative to the solvent residual peak ('H and '*C NMR, respectively): CDCI3 (6 =
7.26 and 77.16 ppm%), CD2Cl (6 = 5.32 and 53.84 ppm*), and C2D2Cls (6 = 6.00 and 73.78
ppm). High-resolution mass spectra (HRMS) were measured as HR-ESI-MS or HR-APCI-MS.

4.1. Preparation of organometallic reagents

Grignard reagents were titrated according to the procedure of Knochel®” and organolithium
reagents according to the procedure of Chong.3® A solution of (3,5-di-fert-butylphenyl)magnesium
bromide in dry THF was prepared according to the following procedure: Magnesium powder was
washed with aq. HCI (1 M), filtered through the filter frit, washed with H2O, MeOH, and Et20,
and dried under high vacuum overnight. Freshly pre-activated magnesium powder was placed into
a Schlenk flask and annealed with heat-gun (200 °C, vacuum, 10 min) before a tiny crystal of
iodine (~1 mg) was added under a nitrogen atmosphere. This mixture was annealed again with a
heat-gun (200 °C, N2, 10 min) until all iodine vaporized. Excessive iodine vapors were removed
under high vacuum and the flask was allowed to cool to room temperature (N2). Then, a solution
of 1-bromo-3,5-di-fert-butylbenzene in dry THF (¢ ~ 100 mg/mL) was added, the Schlenk flask
was closed, and the reaction mixture was heated at 55 °C until the solution became cloudy (usually

for ~1 h). The reaction mixture was allowed to cool to room temperature and titrated before use.
4.2. DFT Calculations

All calculations were performed with Gaussian 09 (ver. DO1) package of electronic structure
programs.®® The gas phase geometries were optimized with B3LYP functional and 6-31G(d) basis
set. The frequency analysis of the minimum energy geometries confirmed that they represented
the potential energy surface minima. The isotropic NMR chemical shielding tensors and nucleus-
independent chemical shifts*® (NICS., at 1A) were calculated at the B3LYP/6-31+G(d)/GIAO
level of theory and tetramethylsilane was used as the reference. Hirshfeld charges in individual
positions were computed at the B3LYP/6-31G(d) level of theory. The charges with the hydrogen
atoms summed into carbon atoms are reported, while “naked” charges have been used in the
calculation of the condensed Fukui functions. The reported condensed Fukui functions are the

difference between the Hirshfeld charge of the neutral molecule and its corresponding radical
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anion, both calculated in the geometry of the neutral molecule. This approach has been successfully
used before to predict reactivity of organic molecules.?® Orbital coefficients were obtained from
B3LYP Kohn-Sham wavefunctions with minimal STO-3G basis set. The coefficients were

comparable to those obtained when a larger 6-31G(d) basis set was used in several test cases.
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