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Abstract

Computational analysis quantifies key trends in “peri-” radical cyclizations, a recently
developed process for benzannulation at the zigzag edge. The key novel finding is the
unprecedented sensitivity of peri-cyclization to the presence and spatial orientation of a “spectator”
propargylic -OMe substituent. Remarkably, formation of cis-products proceeds, in general,
through a significantly (~2-4 kcal/mol) lower barrier than formation of the trans-products, even
when the cis-products are less stable. The origin of this unexpected effect is clearly stereoelectronic.
These findings identify such remote substitution as a conceptually new tool for the control of rate
and selectivity of radical reactions.

The correlations of activation barriers for vinyl radical attack with aromaticity of the target
shows the expected relationship in phenanthrenes and pyrenes but not in anthracenes. In the latter

case, the attack at the less aromatic ring corresponds to a higher barrier because a steric penalty on
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the stereoelectronically favorable cis-TS negates the accelerating influence of the properly aligned
C-O and C-Sn bonds.

Introduction

Benzannulative expansion of polyaromatic systems is an effective method of creating
graphene substructures.! The high carbon content and energetic properties of alkynes makes them
convenient building blocks for creating expanded cyclic structures? (Figure 1).
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Figure 1. Graphene edge types and sites of reactivity with a peri-radical annulation at the zigzag

edge.

Success in making graphene ribbons and flakes of the desired sizes and shapes, depends
on the absence of structural defects, such as heteroatoms, sp’-hybridized centers, and five-
membered rings, can disrupt the perfect honeycomb pattern of graphene fragments.

Radical cascades offer an atom-economical approach towards the preparation of
functionalized polyaromatics. Earlier, we have reported a number of alkyne-mediated radical
cascades initiated via selective attack by a tin radical on the central alkyne of an oligoalkyne
precursor.’ The initial attack was followed by a series of 6-exo cyclizations to provide a fully
cyclized polyaromatic ribbon. Two structural defects, inherent to the nature of this cascade, have
been addressed in a series of design modifications. In particular, the use of skipped, rather than
fully conjugated, oligoalkynes allowed to avoid incorporation of a five-membered ring at the
initiation point (Figure 2).* Formation of a 5-membered cycle at the last C-C bond formation at

the end of the cascade can be avoided in two ways: 1) by deactivating the radical to the extent



where it is incapable of attacking the terminal aryl ring and the last cyclization is aborted,’ or 2)

by using a cyclization at the peri-position of a naphthalene subunit as the last cycle-forming step.
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Figure 2. Top: the problem of two pentagonal “defects” in the preparation of polyaromatic ribbons from conjugated
oligoalkynes. Bottom: Two structural design elements that help to avoid formation of five-membered rings: initiation from a
skipped alkyne equipped with a traceless directing group and termination via a “peri-" cyclization. (TDG=Traceless Directing
Group).

Because radical peri-cyclizations have been unknown until recently,® we explored their
viability using several polyaromatic targets with the zigzag edge as partners in the peri-cyclizations
with an appropriately positioned vinyl radical.

Vinyl radical attack at the peri-position of a polyaromatic target allows for cascade
termination with 6-membered cycles. The initially formed products are unstable and the reaction
requires either oxidative or reductive termination. For the anthracene substrate, the oxidative
workup provides benzo[de]anthracenones (Scheme 1). Alternatively, reductive termination

produced benzo[de]anthracenes in yields of 56-65%.
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Scheme 1. An example of peri-cyclization on an anthracene core and the products of oxidative

and reductive workups.

The purpose of this paper is to use computational analysis to understand the energetics of
peri-cyclizations of vinyl radicals, their dependence on the nature of the polyaromatic core as well
as on substitution at the radical center and at the propargylic carbon (Figure 3).
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Figure 3. The scope of computational analysis of peri-cyclizations.

Results and Discussion

Parent examples for the peri- and ortho'-cyclization of naphthalene and biphenyl” were
examined first to establish a point of reference for expanded systems (Scheme 2). Although a
methoxy group cannot be added to the biphenyl substrate to fully resemble the cyclization
precursor for the naphthalene system, effect of substitution at the vinyl radical can be compared
for both types of cyclizations in order to gain better understanding of electronic factors for the
attack at armchair and zigzag edges of a polyaromatic system. These effects were modeled by

using an unsubstituted vinyl radical, an o-Ph-substituted radical, and an o-Ph-B-SnMes-



disubstituted radical as the cyclization precursors for both the biphenyl and the naphthalene
systems (Scheme 2).
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Scheme 2. Comparison of substituent effects in the vinyl radical cyclization at peri-position of a)

naphthalene and b) ortho “positions of biphenyl (see Figure S1 for additional examples).

For all of the cyclization pairs with analogous substitution, the more flexible biphenyl
system has a lower transition state despite being less exergonic. This observation suggests that
flexibility, or lack thereof, may play a role in the reactivity of the polyaromatic cores. For a more
rigid fused naphthalene core, the geometric distortion needed for the radical attack at the m-system

is more energetically costly.

Substituent effects: direct substitution at the alkyne. Radical-stabilizing substituents near the

vinyl center increase both the activation barriers and reaction energies. For both peri- and ortho -

attack, the presence of a phenyl group at the a-position and then a trimethyl tin at the B-position

increased the activation barrier by ~2 kcal/mol overall. The reaction exergonicities decrease even

more dramatically by ~15 kcal/mol. In general, ortho “cyclizations are slightly less affected by

substitution at the vinyl radical than peri-cyclizations; and transition states are much less affected
by substitution than are the products.
The correlation of AG and AG* for the three substituent combination in each of the

cyclization patterns shows that the differences in the activation barrier are due to the radical



stabilization effects that decreased exergonicity of the radical attack. Both the a-Ph group and the
B-Sn substituent substantially stabilize the reacting radical.®

The stabilizing effect of the two substituents is preserved in the transition state as illustrated
by Figure 4 where both the C-Sn bond and the Ph group m-systems are aligned well with the

attacking radical center:

Figure 4. Transition states of a-Ph-B-SnMes-disubstituted biphenyl 6b and naphthalene 3b,

illustrating the key orbitals interacting with the radical center.

Indirect substituent effects: Presence and orientation of an OMe group at the propargylic
carbon. Due to the essential role of the methoxy group in directing the tin radical attack at the
alkyne, we analyzed the cyclization of OMe-substituted substrates. Remarkably, the outcome of
the cyclization depended dramatically on the orientation of the “spectator” propargylic substituents.
Considering our long-standing interest in stereoelectronic control of organic reactions,®°
including the effects of remote substituents,'’ we have analyzed this situation in more detail as
discussed below.

The introduction of a methoxy group at the propargyl position leads to interesting effects
that depend strongly on the orientation of this substituent (Scheme 3). The activation enthalpy for
the cis transition state 7b is 1.5 kcal/mol lower than for the transition state 3b that lacks the
propargylic substituent, whereas the activation barrier for the trans transition state (7b-t) is 3.6
kcal/mol higher. Entropic factors change the magnitude of effects slightly but the large (4.3
kcal/mol) influence of remote substituent on the free energy barriers persists. The magnitude of

this effect is remarkable for a group that is attached directly neither to the vinyl radical moiety nor

to the aromatic target. What makes this observation even more interesting is that the difference in



the reaction free energies (1.6 kcal/mol) is significantly smaller than the difference in the activation
barriers, indicating that the observed barrier differences may stem from specific transition state

stabilization.
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Scheme 3. The large effect of propargylic substituent at the activation barrier for the peri-
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cyclization at naphthalene. The transition state energies are given relative to the most stable

conformer of the reactant in the spirit of the Curtin-Hammett principle.

In the subsequent sections, we expand the list of polyaromatic targets to test whether these

stereoelectronic factors are general and operate in the broader family of peri-cyclizations

Effect of the aromatic target. The expansion of the aromatic system and change in the targeted
ring attack leads to noticeable differences in the computed barriers and reaction energies for the
radical cyclizations. However, the stereoelectronic effect of the propargylic -OMe group persisted.
We will discuss it in the following sections. Herein, we will concentrate our analysis at the lower
energy path that leads to the formation of cis-products. It is instructive to compare cyclizations at
naphthalene with cyclizations at the two peri-positions of anthracene, at carbons 9 and 1 (Scheme
4). The results are non-trivial — the peri-attack at the anthracene ring can be slower or faster than

the attack in the naphthalene system depending on which anthracene ring is targeted. The effects



are large. Compared to the cyclization in naphthalene, the free energy of activation is 4.5 kcal/mol

lower for the 9" position of anthracene and 1.3 kcal/mol higher for the 1% position of anthracene.

SnMe, AHY=+97
AGY =+14.2

Scheme 4. The vinyl radical cyclization in 1-naphthalene 7a, 1-substituted anthracene 8a, and 9-

substituted anthracene 9a.

The faster attack at the 9" position (i.e., the central ring) in the 1-substituted anthracene 8a
should not be surprising. Two isolated Clar’s sextets are maintained in the product, and their
conjugation is possible through the one-carbon bridge. In the second anthracene isomer 9a, attack
proceeds at the terminal ring to transform the anthracene moiety into a -allyl naphthalene -
system. It is reasonable to expect this process to be less favored than attack at the central anthracene
ring, but it is unclear why it is also less favored than attack at the naphthalene ring of 7a. A closer
inspection reveals that part of the problem with the terminal attack in 9a is due to the unfavorable
entropic contribution. We will come back to this seemingly anomalous behavior later.

Radical additions to the phenanthrenes was analyzed next. Here the results followed the
known trends in reactivity of the phenanthrene subunits. Attack at the less aromatic central ring

was significantly more exergonic and proceeded via a lower barrier.
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Scheme 5. The vinyl radical cyclization in 1-phenanthrene 10a and 9-phenanthrene 11a structures.

In particular, when the central double bond is attacked in 1-phenanthrene 10, the reaction
is downhill by 11 kcal/mol (Scheme 5). After the attack, the m-system of biphenyl is formed,
similar to that for anthracene 9a. Attack at the outer aromatic ring in 11 is less favorable
thermodynamically and proceeds through a 3 kcal/mol higher barrier. After the attack, the
cyclization product contains an a-allyl naphthalene substructure.

Finally, additions to pyrenes generally display trends that are similar to additions to
phenanthrenes, reflecting the electronic similarity between the two aromatic systems (Scheme 6).
Similar to the phenanthrene example, attack at the weaker central double bond 1-pyrene 12a is
more favorable. This process forms a radical that contains phenanthrene, a relatively stable
polyaromatic fragment. On the other hand, when the terminal ring of 13a is attacked, the barrier
and reaction energy are slightly higher by 1.3 kcal/mol and 1.9 kcal/mol, respectively. A

naphthalene and phenalenyl resonance subunits can be discerned in the product of this attack.
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Scheme 6. The vinyl radical cyclization in 1-pyrene 12a and 4-pyrene 13a structures; phenalenyl

resonance form of the 4-pyrene product.

We have also calculated barriers and reaction energies for the radical cyclizations that yield
the trans-products (Scheme 7). Again, the reactions are considerably less favorable kinetically that
analogous reactions that yield the cis-products. The only exception is the radical attack at the
terminal ring in the reaction of 9-substituted anthracene substrate where the difference in the
calculated cis- and frans-activation barriers is very small. However, even in the latter case the
trans-product formation remained ~0.1 kcal/mol less favorable kinetically despite being >3

kcal/mol more favorable thermodynamically.
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Scheme 7. Calculated reaction free energies and barriers for radical peri-cyclizations that form the

trans-products.

This deviation from the general trend in the 9-anthracenes can be attributed to steric
interactions that are not present in the other compounds (Figure 5). In both the starting materials
and the cis-transition state, the methoxy group is not able to attain the favorable alignment with
the C-Sn bond without clashing with the C-H bond at the other peri-position. This unfavorable
steric interaction nearly completely compensates for the favorable stereoelectronics of the cis-
transition state. As the result, the cis- and trans-peri-cyclizations in the 9-anthracene system have

almost identical barriers.
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Figure 5. Steric effect on the cis-radical attack in the two anthracenes (see SI for stability
comparison of isomers).

The role of aromaticity. Considering the well-known role of aromaticity in stability and reactivity
of organic molecules,*®!! we have also explored whether the variations in aromatic character of
different rings of polycyclic aromatics will have an effect on the reaction energies and barriers of
peri-cyclizations. Aromaticity is a complex phenomenon described via an interplay of energetic,
structural, and magnetic effects that do not often correlate perfectly with each other. In this work,
we chose to use the NICS method developed by Schleyer, et al.!* as a quantitative indicator of
aromaticity. This method was shown to provide valuable information for a variety of aromatic

systems in the ground, transition, and excited states.'?
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Figure 6. a) NICS(1) of vinyl radical species, bolded values represent the face attacked to form
6-membered cis-products, and b) aromaticity vs. reaction barrier for corresponding starting
materials above.

NICS(1) values for both faces of each ring in the vinyl radical species were compared
(Figure 6). NICS(1) can be used as an indicator of aromaticity'®® as a function of calculating
shielding above and below a ring. For the phenanthrene and pyrene pairs of cyclizations that target
the same core, but at different positions, the lower barrier correlates to the attack at the less
aromatic ring. Additionally, the effect of aromaticity in comparing phenanthrene and pyrene seems
to diminish with the increase from three to four rings in the core. Aromaticity in smaller
phenanthrene systems had a larger effect on reaction barriers, where the larger pyrene systems had

a smaller effect. However, for attack at the anthracene ring system, other factors seem to override



this pattern, and the lower barrier is associated with attack at the more aromatic ring. The 1-
anthracene reaction is the more facile of the two despite the fact that the stronger ring is broken,
and there is a large negative correlation between aromaticity and reaction barrier. This suggests

that aromaticity at the site of attack is not an absolute predictor of reaction energies.

Stereoelectronic effects in peri-cyclizations. As the previous part illustrates, the effects of
aromaticity can be overridden by other factors. In this section, we show that these observations
stem from the stereoelectronic factors associated with the relative position of the -OMe and the -
SnR3 group.

As we discussed above, the lower energy transition state for the peri-addition to
naphthalene has the OCCSn dihedral of 1.4° where the -OMe and C-Sn bonds are syn-periplanar.
In contrast, the -OMe and C-Sn bonds are nearly orthogonal in the higher energy transition state.
The same trend is observed for all of the other polyaromatic targets.

It is appealing to attribute this unexpected but general effect to the clear stereoelectronic
differences between the two transition states. In the lower energy transition state, the oc-ome bond
and the radical orbital are aligned with the “relay” C-Sn orbital whereas in the higher energy
transition state, the oc-ome bond is nearly orthogonal to the radical and to the vinyl C-Sn bond. One
can suggest that the syn-periplanar arrangement of the C-O and C-Sn bonds can lead to partial
electron density transfer from the C-Sn bond,*® rendering the latter a weaker hyperconjugative
donor towards the vinyl radical. In turn, the decreased electron donation to the radical center
renders the latter more electrophilic and more reactive towards the electron-rich m-cloud of
naphthalene. In the higher energy stereoisomeric transition state, the C-O and C-Sn are nearly
orthogonal, so electron density is not drained from the C-Sn bond via o-conjugation. Instead, the
C-Sn bond can fully exert its donor effect on the vinyl radical, deactivating it towards radical attack.
An additional deactivating effect that may complement the primary effect discussed above is the
alignment of the C-O acceptor with the n-system of the naphthalene. In the higher energy transition
state, this alignment can transfer electron density from the naphthalene, rendering the latter less
nucleophilic.

In this scenario, the C-O bond serves as a stereoelectronic gate: in the lower energy

transition state, it deactivates the C-Sn donor and restores electrophilicity of the vinyl radical. In



the higher energy transition state, the C-Sn donor lowers electrophilicity of the vinyl radical while
the C-O bond lowers nucleophilicity of the n-target.
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Scheme 8. The role of propargylic substituents in reactivity: comparison of C-O and C-F bonds.
a) Barriers and reaction energies. b) Comparison of geometries for the cis- and trans-isomer

formation.

To test for the role of sigma acceptor ability of the propargylic substituent, we have
changed the C-OR group to a C-F bond (Scheme 8). Indeed, the stronger sigma acceptor
accentuated the energy difference between the two transition states. The difference now is 3.7
kcal/mol. The transition state energy lowering relative to the unsubstituted case illustrates the
activating role of these orbital interactions.

Adding another acceptor (15a, 16a) is counter-productive — the barriers go up relative to
the stereoelectronically aligned systems with a single propargylic substituent. This finding further
underscores the stereoelectronic origin of this effect since the second acceptor in the disubstituted

systems cannot be aligned properly with the C-Sn bond and the radical center.



Note that we took advantage of the Curtin-Hammett principle and reported the barriers as
the energy difference between the lowest energy TS (cis) and the most stable conformer of the
reactant (syn).'* Since the the donor-acceptor interactions in the syn-geometry benefit more from
a stronger acceptor (X=F), the difference in the activation barriers is increased by the introduction

of a fluorine atom.

Table 1. Natural Bond Orbital (NBO) analysis of 7b, 7b-t, 14b, and 14b-t and their corresponding

starting materials. Second order perturbation energies for the orbital interactions are given in

kcal/mol.

Methoxy Fluorine
interaction Spin  vinyl radical cis-TS  trans-TS vinyl radical cis-TS  trans-TS
Oc-sn > 0%c-x a 23 21 0.9 2.7 29 0.9

B 2.5 2.1 0.9 2.8 29 0.9

Nx — 0*sn-CHa a 1.9 14 0 1.3 1.3

1.9 1.5 0 1.3 1.3
Oc-sn —~ vinyl radical B 31.2 29.0 28.7 29.8 28.8 28.7

We have further evaluated the role of suggested orbital interactions using Natural Bond

Orbital (NBO) analysis (Table 1). This analysis suggests that stabilization provided by the

alignment of -OMe/-F and -SnMes partially stems from the 6c.sn > 6*c-x interaction. Whereas

both the most stable conformer of the reacting vinyl radical and the more stable cis-TS maintain
this stabilizing interaction, this effect weakens significantly in the trans-TS (from ~4-5 to ~2
kcal/mol). Unexpectedly, NBO analysis suggests that additional stabilization to the cis-TS comes
from the direct through-space donation from the lone pair of oxygen to the 6*sn-cn; orbital (~ 3 vs.
0 kcal/mol for cis- vs. trans-). Interestingly, these two donor-acceptor hyperconjugative effects

balance density redistribution due to the interaction of O- and Sn-containing moieties in a way that

maintains the donor ability of the C-Sn bond towards the vinyl radical (cc-sn - vinyl radical

interaction) relatively constant. In this NBO description, the geometric changes in the OCCSn



system do not considerably perturb the vinyl radical reactivity, modifying the stereoelectronic

model suggested earlier.

Analysis of the S-membered cycle formation. Finally, we have evaluated the possibilibity of an
alternative cyclization route — the five-membered ring formation by the ortho-attack of the vinyl
radical (Scheme 9). The calculated barrier is much higher, suggesting that this process is unlikely
to be important from the experimental point of view and explaining why the peri-cyclizations work
relatively well.

Interestingly, the stereoelectronic preference for the cis-TS is observed for the formation
of the 5-membered rings as well. This finding is noteworthy in the naphthalene system where the
formation of cis-isomer is ~2 kcal/mol endergonic while the formation of the trans-isomer is
thermoneutral. However, the difference in the cis- and trans-cyclization barriers is much lower
because attaining the favorable co-planar arrangement of CO and CSn bonds is more difficult in
the smaller, more strained five-membered ring. In accord with this notion, the SnCCO dihedral in

the cis-TS in the naphthalene system is ~21 degree — a noticeable deviation from coplanarity.
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Scheme 9. a) Barriers and reaction energies for 5-membered ring formation in the naphthalene and
phenathrene systems. b) Comparison of geometries for the cis- and trans-isomer formation in the

naphthalene and phenathrene system.

Comparison of alkyne and peri-cyclizations. In conclusion, it is interesting to compare the two
similar ways for the annealing of two fused rings to the existing cyclic systems shown below
(Scheme 10). There is a similarity between the two cascades shown there — the initial 6-exo-
cyclization makes a new radical that can be potentially trapped by the pendant phenyl group.
Alkyne cyclization yield highly reactive vinyl radical that is capable of this addition reaction that
affords a new five-membered ring*®* whereas the highly delocalized n-radical formed in the peri-

cyclization does not undergo the additional C-C bond forming reaction.
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Scheme 10. Cascade product variation via alteration of vinyl radical target.

Conclusions



The theoretical study of peri-cyclization reactions revealed the significance of several
factors when using vinyl radicals to expand aromatic systems. In particular, cyclization barriers
are consistently lower for the peri-cyclizations that result in six-membered products, especially for
those forming cis-products. Formation of the five-membered products from the same radical
precursors via an ortho attack must overcome much higher barriers (~20-25 kcal/mol). These
computational results rationalize the preferential formation of the 6-membered products under the
experimental conditions. The aromaticity of the attacked ring is important in those cases where it
is not masked by the steric factors.

The a- and B-substitution and the consequent vinyl radical stabilization have a large effect
on reactivity, raising barriers and reaction energies. Introduction of the B-SnMe and a-phenyl
groups stabilizes the vinyl radical and partially deactivates it towards the cyclization.

The key finding is unprecedented sensitivity of the peri-cyclization to the presence and
spatial orientation of a “spectator” propargylic -OMe substituent. The two orientations of this
substituent give rise to the cis- or trans-isomers of the cyclized product. Stability of these isomers
is not dramatically different, and, sometimes, the cis-isomer is less stable. However, in every case
the formation of the cis-product proceeds through a significantly (~2-5 kcal/mol) lower barrier
than formation of the trans-products, The origin of this unexpected effect is clearly
stereoelectronic — in the lower energy transition states, the cc-ome bond and the radical orbital are
aligned with the “relay” C-Sn orbital whereas in the higher energy transition states the oc-ome bond
is nearly orthogonal to the radical and the vinyl C-Sn bond. When the strength of the acceptor was
increased by introducing a propargylic C-F bond, even larger effects on the cyclization barriers
were observed. This dramatic stereoelectronic effect of a “spectator” group is a conceptually

new tool for the control of rate and selectivity of radical reactions.

Experimental Section

Computational Details. All computations were performed in Gaussian 09 ' with
unrestricted M06-2X functional '® due to its relatively accurate description of reaction and
activation energies for a variety of chemical processes including radical reactions.!” The LanL.2DZ
basis set was used for all atoms. Chemcraft 1.7'® and CYLView'® were used to render the orbitals
and molecules. Frequency calculations were performed to confirm each stationary point as either

a minimum or a first-order saddle point. Intrinsic Reaction Coordinates (IRC)?° were determined



for the TS of interest. Natural Bond Orbital?! (NBO) analysis was used on key intermediates and

transition states.
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