DOI: 10.1039/b405009f

ARTICLE

Electrophilic and oxidative chemistry of pyrene and its non-
alternant isomers: theoretical (DFT, GIAO-NMR, NICS) study

of protonation carbocations and oxidation dications from pyrene,
azupyrene (dicyclopenta|ef.k/|heptalene) and dicycloheptaled,gh]-

pentalenet

Takao Okazaki*® and Kenneth K. Laali*?

2q0/610DSI MMM
04d0

@ Department of Energy and Hydrocarbon Chemistry, Kyoto University, Kyoto, Japan
b Department of Chemistry, Kent State University, Kent, OH, 44242, USA

Received 5th April 2004, Accepted 15th June 2004
First published as an Advance Article on the web 14th July 2004

Mono- and diprotonated carbocations and the two-electron oxidation dications derived from parent pyrene 1 and its
nonalternant isomers “azupyrene” (dicyclopenta[ef,k/]heptalene) (DCPH) 2 and dicyclohepta[ed,gh]pentalene (DCHP) 3
were studied by DFT at the B3LYP/6-31G(d) level. The most likely site(s) for mono- and diprotonation were determined
based on relative arenium ion energies and the structures of the energetically most favored carbocations were determined
by geometry optimization. The NMR chemical shifts for the protonated mono- and dications and the oxidation dications
were computed by GIAO-NMR at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level and their charge delocalization paths were
deduced based on magnitude of the computed Ad'*C values and the NPA-derived changes in charges. Relative aromaticity/
antiaromaticity in various rings in the energetically favored mono- and dications was estimated via NICS and ANICS.
Calculated NMR chemical shift data for 1H* and 12" were compared with the available experimental NMR values. The
available data on chemical and physical properties of DCPH 2 and DCHP 3 are extremely limited and biological activity
data are non-existent. The present study provides the first glance into their carbocations and oxidation dications, while
augmenting and reinforcing the previous stable ion data on the pyrenium cations.

Introduction

The pyrene skeleton 1 is an important building block and constituent
in PAH chemistry and in structure/bioactivity studies (Fig. 1).
Whereas parent 1 is biologically inactive, some of its substituted
analogs such as I-nitro- and 2-nitropyrenes are mutagenic,
whereas 4-nitropyrene is both mutagenic and tumorigenic.! The
benzannelated derivative benzo[a]pyrene BaP with a bay-region is
a strong carcinogen, while the distorted dibenzannelated derivative
dibenzo[a/]pyrene with a fjord-region is extremely potent.?

Fig. 1 Pyrene (1), dicyclopenta[ef.k/heptalene “azupyrene” (2), and
dicyclohepta[ed,gh]pentalene (3).

Dicyclopenta[ef,kl]heptalene (DCPH) 2, more commonly known
as “azupyrene”, and dicyclohepta[ed,gh]pentalene (DCHP) 3 are
the non-alternant isomers of 1 (Fig. 1).** They constitute 14n-
Hiickel aromatic peripheral systems perturbed by a central double

T Electronic supplementary information (ESI) available: Table S1:
Electronic energies (E), zero point energies (ZPE) and Gibbs free energies
(G) obtained from DFT calculations for the studied molecules and cations
at B3LYP/6-31G(d) level. Figs. S1, S8 and S10 and Tables S2-S14:
Optimized structures and Cartesian coordinates for 1, 1aH*, 1bH,?**, 1**, 2,
2aH", 2aH,*, 2**, 3, 3cH*, 3eH,?** and 3**. Figs. S2, S3 and S4: Computed
13C NMR chemical shifts and NPA-derived charges for 1aH*, 1,>* and 1**.
Fig. S5: Experimental *C NMR chemical shifts for 1aH* and 1?*. Figs. S6,
S7, and S12: HOMO-LUMO forms in the oxidation dications. Figs. S9 and
S11: Bond-lengths in X-ray derived and computed structures for 2 and 3. See
http://www.rsc.org/suppdata/ob/b4/b4050091f/
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bond. This is borne out by their X-ray structures, showing that
the central double bonds are noticeably short (1.333 A for 2 and
1.354 A for 3).506

The synthesis of 2 and the modifications thereof were reported
by Anderson,** Jutz,” and Hafner® and their associates, whereas
3 was synthesized by Vogel er al.> Representative electrophilic
aromatic substitution data (namely acetylation, trifluroacetylation,
and nitration) are available on 2 and some of its C(1) and C(4)
substituted derivatives, showing (for parent 2) predominant
substitution at C(1) (although in some cases products of C(4)
substitution have also been isolated).* With the C(1) substituted
derivatives, further substitution occurred (in most cases) at C(2),
C(6), and C(7).* Further acetylation of the 4-COMe derivative and
further nitration of the 4-NO, derivative were reported to result in
substitution at C(1) and C(2).4

Hydrocarbon 3 is protonated in TFA at C(5) to give a stable
carbenium ion for which Vogel reported a room temperature proton
spectrum.>® Previous theoretical studies on 2 and 3 were limited to
HMO and MNDO calculations.>*

An additional noteworthy point is that under appropriate
conditions the central bond 2 is capable of undergoing nucleophilic
attack. Quenching of the resulting monoanionic intermediates with
electrophiles led to the synthesis of various bridged [ 14]annulenes. !
Nucleophile addition is a LUMO-controlled process because the
largest LUMO coefficient is at the central bond (from HMO).!?

Whereas stable ion NMR data are available on various protonated
and sulfinylated pyrenium cations'>'? and several examples
of persistent two-electron oxidation dications have also been
reported,'*!* no such data are available for 2 and 3. Furthermore, no
comparative biological activity data are hitherto available for 2-3
or their derivatives.

Formation of PAH-DNA adducts, a key-step in tumor initiating
activity of PAHs, occurs either via the diol-epoxide pathway or by a
SET mechanism involving PAH radical cations.!* Depending on the
PAH structure, the former path in many instances involves carboca-
tions as key electrophiles.'® Once intercalated into DNA, the gener-
ated metabolic electrophiles form stable and depurinating adducts.!®
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In the case of BaP-diol-epoxide (BPDE), it was shown that rapid
formation of an intercalated complex is followed by rate determin-
ing protonation to give an intercalated triolcarbenium ion (Fig 2)."”

intercalated tetraol
fast H* Ho., @ lLQ complex
BPDE + DNA ——~ BPDEDNA = — DA
sloy R
intercalated " Ho ;’ \
complex OH covalent adduct

Fig. 2 Intercalation into DNA and carbocation formation.

Facile carbocation formation from 2 and 3 coupled to feasibility
of nucleophilic addition to the central bond render these substrates
interesting for both stable ion and DNA binding studies. The present
study, which represents our first step in this direction, focuses on
relative carbocation energies, geometries, charge delocalization
modes in the resulting carbocations and in the oxidation dications
(gauged via magnitude of Ad"*C values by GIAO-NMR and the
NPA-derived changes in charges), and on the relative aromaticity/
antiaromaticity in various rings in these systems (gauged via NICS
and ANICS).

Results and discussion
DFT calculations

Structures were optimized using molecular point groups shown
in Table S1 of the electronic supplementary information (ESI) by
the density functional theory (DFT) method at B3LYP/6-31G(d)
level using the Gaussian 98 package.'®* Computed geometries were
verified by frequency calculations. Furthermore, global minima
were checked by manually changing initial geometries and by
comparing the resulting optimized structures and their energies.
NMR chemical shifts and NICS" values were calculated by the
GIAO? methods at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level.
NMR chemical shifts were referenced to TMS (GIAO magnetic
shielding tensor = 183.7642 ppm) calculated with a molecular
symmetry of 7 at the same level of theory. NICS values were
measured at the ring centroid. Table S1 (in the ESI) summarizes
the total energies (E), zero point energies (ZPE), and Gibbs free
energies (G) for the neutral substrates, mono- and diprotonated
cations and the oxidation dications.

Pyrene (1). DFT optimized structures of 1 (C; symmetry; this
geometry is almost the same as the D, symmetrical structure), laH*
(C,), IbH* (Cy,), 1eH* (C)), 1aH;** (Cay), 1bH;* (C)), 1eH,* (Cay),
1dH22+ (sz), leH22+ (Cs)a 11H22+ (Cz), lgH22+ (CZh), 1hH22+ (sz)
and 1iH,** (C,) were calculated to be minima (see Fig. 3). Whereas
the singlet dication 1?* (Cy), and the triplet diradical dication 1+ (Cy)
were both calculated to be minima, the former is considerably more
stable (by 14.6 kcal mol ™).

In agreement with earlier stable ion work,'?> the most stable
arenium ion among monoprotonated pyrenes is laH*, which is
protonated at the C(1) position (the o-position). Cation 1cH*
(ap-protonated) lies 10.5 kcal mol™! higher (early PI-DEWAR
calculations gave a value 8.8 kcal mol™')?!, whereas 1bH* (j3-
protonated) lies 15.0 kcal mol™ above 1aH* (20.5 kcal mol ™! higher
by PI-DEWAR method!).?!

Persistent diprotonated pyrenium dications have not been
observed under stable ion conditions,'"'> To get a sense for relative
arenium ion energies, all possible protonation dications were
computed in the context of present study. Interestingly, based on
DFT, the 1,4-diprotonated dication 1bH,*? is the most favored,
followed closely by 1iH,™ (1,2-), 1dH,*" (1,8-), 1eH,** (1,10-),
1gH," (4,9-), 1cH,* (1,6-), and 1hH," (4,10-), whereas 1aH,"
(1,3-attack) does not compete well.

Optimized geometries for 1, 1aH*, 1bH,** and 1** are shown
in Fig. S1 for comparison. The largest changes in bond-lengths
in 1laH* are for the C(1)/C(2) and C(1)/C(10a) bonds which are
noticeably longer due to rehybridization at C(1). A reasonable over-
all bond-alternation scheme (shorter/longer relative to 1) can be
deduced for 1aH". This feature is more pronounced in the dication
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Fig. 3 Protonated monopyrenium ions (laH'-1cH*), diprotonated
pyrenium dication (1aH,**—1iH,**) and pyrene oxidation dication (1%").

1% Interestingly, for these cations, the C(10b)/C(10c) bond-lengths
(central double bonds) are nearly constant.

The computed GIAO-NMR data, and the NPA-derived charges
(and changes in carbon charges) relative to parent hydrocarbon 1,
as well as the NPA-derived overall charges over CH units for 1aH*
and 12+ are gathered in Figures S2—-S4. For comparison, the stable
ion *C NMR chemical shifts' for 1aH* and 1** are also gathered
(in Fig. S5).

Even though for both cations, GIAO slightly underestimates
the chemical shifts (between 5-15 ppm in the case of 1aH" and
11-16 ppm in the case of 1?*), the overall agreement, especially in
deducing overall charge delocalization paths based on A3"3C values,
is very good. This can be further illustrated via Fig. 4 in which the
GIAO-derived chemical shifts for 1aH* and 1** are plotted against
the experimental data. Fig. 4a illustrates the computed data versus
experiment, using the A3*C values.

Pyrenium ion 1aH* shows a distinct and continuous charge alter-
nation path throughout the entire periphery. A similar charge alter-
nation is observed in 1bH,** but with larger Ad'3C values (Fig S3).
Positive charge in the singlet dication is most strongly localized
at the a-positions. Similar overall charge delocalization paths
may be arrived at based on the NPA-derived changes of charges
(see Fig. S2-S4).

The NICS and ANICS values are gathered in Fig 5. For 1aH* and
1bH,?** the individual rings are still aromatic/borderline aromatic.
For the singlet 1?* there is a strong positive shift upon two-electron
oxidation indicative of anti-aromaticity, and this is consistent with
paratropicity in the 12n-perimeter dication which was previously
deduced based on NMR.!3!4 Interestingly, NICS suggests that the
less stable triplet dication should be aromatic.

Finally, the HOMO-LUMO forms of for the singlet 1** are
illustrated in Fig. S6, showing that the central double bond does not
contribute to HOMO.
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Fig. 4 Plot of experimental Ad'"*C value vs GIAO-derived Ad"*C value for
1aH" (o) and 1?* (e).

singlet 12*

Fig. 5 NICS(0) for 1aH*, 1bH,** and singlet and triplet 1> (ANICS
values relative to those of 1 in parentheses).

Dicyclopenta|ef,ki]heptalene (2). The DFT optimized structures
of 2 with C, symmetry (this geometry is almost the same as the D5,
symmetrical structure), 2aH* (protonation at C-1) with C; symmetry,
2bH* (protonation at C-2a) with C, symmetry, 2¢H* (protonation at
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C-3) with C; symmetry (the C; symmetrical carbocation had the
same energy), and 2dH* (protonation at C-4) with C; symmetry
were found to be minima and the most stable (see Fig 6 and Table
S1 of the ESI).

H
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y
D@
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Fig. 6 Protonated azupyrenium ions 2aH*-2eH*, diprotonated azupyre-
nium dications 2aH,**-2¢H,?* and the oxidation dication 2%*.

Among various possible dications, 2aH,*" (protonated at C-1
and C-2) with C,, symmetry, and the singlet oxidation dication
2% with C, symmetry (this geometry is almost the same as the D5,
symmetrical structure) were calculated to be minima (Fig 6 and
Table S1 of the ESI).

Based on relative carbocation energy data for azupyrene,
protonation at C(1) (five-membered ring) is energetically most
favored and this is consistent with the available electrophilic
aromatic substitution data on 2 (see introduction). The next
best candidate is 2dH* which is 3.5 kcal mol™' less stable. For
diprotonation, the second protonation is more likely to occur in the
same five-membered ring to give 2aH,** than in the opposite five-
membered ring. This pattern generates a bis-tropylium dication.

The singlet dication of azupyrene was computed to be ca.
4 kcal mol™! more stable than the triplet diradical dication. The
HOMO-LUMO forms in singlet 2% are illustrated in Fig. S7 of the
ESI. The HOMO has large coefficients at C(1)/C(2) and C(6)/C(7),
and similar to 12*, the central double bond does not contribute to
HOMO in 2%.

Charge delocalization modes deduced based on magnitude of
GIAO A6"C values in the energetically most favored monocation
2aH", diprotonated dication 2aH,*" and the oxidation dication 2%
are sketched in Fig 7 for comparison. The NPA-derived charges and
changes in charges are also included.

Whereas positive charge in azupyrenium monocation 2aH" is
extensively delocalized throughout the system, changes in the
computed Ao'3C value at C-7/C-8/C-10 and C-10c are rather small.
For 2aH,*, positive charge is delocalized throughout the periphery
except for the inner C(10b) and C(10c) positions which carry little
positive charge. Azupyrene dication 2%* exhibits extensive charge
delocalization, with C(2a)/C(10a)/C(5a)/C(7a) and C(4)/C(9)
positions showing the largest A0"3C values. Similar overall patterns
may be derived based on changes in NPA-derived charges in these
species.

The computed NICS and ANICS values for azupyrene cations
are gathered in Fig. 8. Only the five-membered ring in 2aH* is
aromatic. In contrast, the five-membered ring in 2aH,** is anti-
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Fig. 7 Computed "C NMR chemical shifts, NPA-derived carbon
charges, and NPA-derived overall charges over CH units for 2aH*, 2bH,*",
2% (A0"C values and Acharges relative to 2 in parentheses). [Dark circles
are roughly proportional to the magnitude of Ad'*C values; threshold was
set to 10 ppm].

aromatic and the tropylium moieties are borderline-aromatic.
As found for 1%, the singlet azupyrene dication is antiaromatic
and should be paratropic, but the less stable triplet 22+ dication is
predicted to be aromatic.

triplet 22*

singlet 22*

Fig. 8 NICS(0) for 2aH*, 2bH,*" and the singlet and triplet 22* (ANICS
values relative to those of 2 in parentheses).

Optimized structures for 2, 2aH*, 2aH,** and 2*' and the
computed bond-lengths are shown in Fig S8 for comparison. The
X-ray structural data on 2 are also included for comparison (Fig S9).
Overall, the reported bond-lengths from the X-ray data® are shorter
than the computed values and the differences are in some cases

rather noticeable. To examine the effect of basis set, structure
optimization on 2 was performed at the augmented B3LYP/6-
311 ++ G(d,p) level. This reduced the differences between the
computed values and the reported X-ray data, but there were still
notable differences. For further comparison, structure optimization
on 2 was performed at the HF/6-31G(d) level (Fig S9). This resulted
in slightly shorter bonds relative to the DFT results. Thus the
structural feature of a (14) annulene perturbed by a distinctly short
central double-bond is not well reproduced by theory. However, this
feature can be inferred by considering the optimized geometries of
the azupyrenium cations 2aH", 2aH,*" and 2?* which exhibit clear
bond-alternation throughout the periphery but exhibit almost no
change in the central double-bond, indicating that there is little
conjugation with the peripheral m-bonds.

Dicyclohepta|ed,gh]pentalene (3). The DFT optimized struc-
tures of 3 with C; symmetry (this geometry is almost the same as
the D,, symmetrical structure), 3¢H* (protonation at C-5) with C
symmetry, and 3eH,** (di-protonation at C-5 and C-10) with C,
symmetry were calculated to be the lowest energy minima (see
Fig. 9, Fig. S10 and Table S1 of the ESI). Optimization with higher
symmetrical restriction (D) gave the same structures. Protonation
at C(5) (5-membered ring) (3cH") is strongly favored over attack at
C(1) or C(2) (7-membered ring). Protonation at the central double-
bond (3dH™) lies 17 kcal mol ™ higher in energy relative to 3¢H* and
seems highly unlikely. The lowest energy dication 3eH,** results
from diprotonation at C(5) and C(10).

e I )
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H X SIX
(S Rao e

3aH,?* 3bH,* 3cH,?

3
QI X T €19

Fig. 9 Dicycloheptaled,gh]pentalene (3), protonated carbocations
(3aH*-3dH"), diprotonated carbocations (3aH,**-3eH,**), and the oxida-
tion dication (3%").

Whereas the singlet and triplet dications (32*) are both minima (C,
symmetry; this geometry is almost the same as the D,;, symmetrical
structure), the triplet dication was computed to be 13 kcal mol™!
more stable.

The forms of HOMO-LUMO in the singlet and triplet 32* are
illustrated in Fig. S12. The LUMO of the singlet dication has a large
coefficient at the central double bond, implying that subsequent
nucleophilic attack under appropriate conditions may provide a
means for preparation of [ 14]Jannulenes. In triplet 3**, two electrons
are distributed into two SOMOs which are spread throughout the
peripheral ring and delocalized into the five-membered rings.

Org. Biomol. Chem., 2004, 2, 2214-2219
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The DFT-optimized structures of 3, 3cH*, 3eH,*", and 3*" and
the computed bond-lengths are shown in Fig S10 for comparison.
Computed bond-lengths in hydrocarbon 3 (first optimized at the
B3LYP/6-31G(d) level and subsequently at the HF/6-31G(d) level
for comparison) compare reasonably well with the reported X-day
data® (Fig S11), and the presence of a short central double-bond is
clearly indicated.

Apart from lengthening of the bonds attached to the sp3-center(s),
a distinct feature in 3¢cH* and 3eH,?" is notable lengthening of the
central double bond. This feature becomes even more pronounced
in the singlet 32*.

Computed GIAO-NMR data and the NPA-derived charges and
their respective changes for 3cH*, 3eH,?" and the singlet and triplet
3%* are summarized in Figs. 10-11. Charge delocalization in 3¢H*
resembles an azulenium ion?? coupled to a tropylium moiety (a bis-
tropylium species). Further protonation at C(10) generates a bis-
azulenium dication species with largest Ad'*C values at the central
double bond. In both singlet and triplet dications positive charges is
strongly localized in the five-membered rings.

GIAO-derived '°C NPA-derived carbon charge

125.5 (7.7)

3cH*

-0.128 (0.098)
-0.125 (0.064)

0.083 (0.101)

3eH,?* 3eH,?*

Fig. 10 Computed C NMR chemical shifts and NPA-derived carbon
charges for 3cH* and 3eH,? (AJ'"*C values and Acharges relative to 3 in
parentheses). [Dark circles are roughly proportional to the magnitude of
AOBC values; threshold was set to 10 ppm].

Based on NICS and ANICS (Fig. 12) the tropylium moieties in
3cH" and 3eH,*" are clearly aromatic, whereas the five-membered
ring is anti-aromatic. It is also noteworthy that the tropylium moiety
is only aromatic in the singlet dication 3%*.

Comparative discussion and summary

The present DFT study has examined the mono- and dications of
protonation as well as the oxidation dications of the nonalternant
isomers of pyrene namely DCPH “azupyrene” 2 and DCHP 3 in
comparison with pyrene 1.

DFT concurs with previous stable ion data on the mono-
protonation of 1 and enhances the previous semiempirical data.
New insights have been obtained regarding the hitherto elusive
diprotonated dications of 1. The GIAO-based charge delocalization
paths agree quite well with the stable ion NMR data. Paratropicity
(antiaromaticity) in singlet 1?* previously deduced by NMR is
reaffirmed by NICS. Furthermore, NICS predicts that the less stable
triplet dication should be aromatic (diatropic).

The optimized geometry of azupyrene 2 does not closely duplicate
its reported X-ray structure. In line with electrophilic aromatic
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GIAO-derived 5'°C NPA-derived carbon charge
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triplet 3%*
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139.4 (21.6)
124.4 (7.5) -0.154 (0.035)
133.2 (2.4) 0.066 (-0.048)
188.8
(86.1) 0.084 (0.327)

3%

32+

singlet

Fig. 11 Computed *C NMR chemical shifts and NPA-derived carbon
charges singlet and triplet 32 (A0"*C values and Acharges relative to 3 in
parentheses). [Dark circles are roughly proportional to the magnitude of
AJ'3C values; threshold was set to 10 ppml].

singlet

3%

triplet 32*

singlet

Fig. 12 NICS(0) for 3aH", 3aH,*" and singlet and triplet 3** (ANICS
values relative to those of 3 in parentheses). Based on NICS, the seven-
membered rings in the triplet dication are aromatic whereas they are
nonaromatic in the triplet species.

substitution data on 2, the carbocation resulting from attack at
the S-membered ring has the lowest energy. Attack at the seven-
membered ring is possible but less preferred. Charge delocalization
in the lowest energy monocation, is that of a tropylium cation. The
same ring preferentially undergoes further protonation to generate a
bis-tropylium dication moiety. Based on NICS, the five-membered
ring is aromatic in the monocation and antiaromatic in the dication.
The singlet and triplet dications of 2 are both minima and the triplet
lies only is 4 kcal mol™! higher. In comparison, the triplet state in
17 is 14.6 kcal mol™! higher in energy. As deduced for 1%*, the
triplet 22* is clearly aromatic whereas the lower energy singlet 2**
is antiaromatic (paratropic). The central double bonds in singlet 1>*
and 2%* do not contribute to HOMO.



The DFT-optimized structure of 3 matches closely its reported
X-ray structure. The electrophilic chemistry of 3 is clearly controlled
by the five-membered rings. Thus mono- and diprotonations
are directed to these sites. Charge delocalization pattern in the
monocation resembles an azulenium cation coupled to a tropylium
moiety, whereas the delocaliztion path in the dication resembles a
bis-azulenium species. Although, as in previous cases, the singlet
and triplet dication of 3 are both minima, in this case the triplet
dication is 13 kcal mol™! more stable. Positive charge in the dications
is strongly localized on the five-membered rings. The LUMO of
the singlet 3?* has a large coefficient at the central double bond,
suggesting that nucleophilic addition could generate [14]annulenes.

The present computational study serves as a starting point for our
planned chemical, toxicological and stable ion studies on 2 and 3.
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