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The G3(MP2) method has been employed to study the 1,4-addition reactions between singlet oxygen and
five acenes, including benzene, naphthalene, anthrecene, tetracene, and pentacene. In all, nine pathways between
O, and the five acenes have been investigated. Our calculated results indicate that all nine pathways are
concerted and exothermic and that the most reactive sites on the acenes are the center ring’s meso-carbons.
In addition, reactivity increases along the series benzenaphthalene< anthrecene< tetracene< pentacene.

This trend is identical to that of aromaticity for the five acenes. A correlation between reactivity and aromaticity

is briefly rationalized with natural bond orbital (NBO) analysis and frontier molecular orbital (FMO) analysis.
Furthermore, some experimental kinetics data from the literature supporting the calculated results are cited.

Introduction EPO is in its singlet state, and the oxygen evolved is able to

transfer to other photooxidizable substrates. A similar finding

reactivity of these compounds is a topic of intense interdst in photodissociations of_ar_omatic EPOs has also bee_n reported
' subsequentl§? Due to this important property, aromatic EPOs

A reactivity trend among the acenes is that the reactivity of an ' ' .
- - . . can be used in the development of highly reversible photochro-
acene increases with the number of rings in the acene molecule,

Some theoretical studie$>8attempted to explain this trend by mic systems _and as specific sources or rap$/gfO, in

: X . . ) aqueous medi#
earlier models, including Clar's sextet thedr¥/This theory . ¢ bl -
suggests that hexacene is more reactive than anthracene because”\°c0rding to a recent summary of reversible oxygen binding
of the gradual loss of benzenoid charaéteiowever, the more to aromatic compound?é,ovgr 400 EPOs of hydrocarbons W.'th
recent study carried out by Schleyer ef ahdicates that the one 1o n;ge fused benzenic cores have been re_ported in the
aromatic stabilization does not decrease along the acenes serie&tera?ure. Most &f them wehre ?repared_ Ey Dlehé\ld(farh
and the difference in reactivity depends on the aromaticity reactions betweeMg-O, and; e electron-ric carbon of the
change of acenes during the reaction. In our previous study aromatic substrates. Interestingly, unsubstituted benzene and
the Diels-Alder reactivity of acenes with ethylene as well as naphthalene fail to react withAg-O, and the corresponding

its correlation with aromaticity were investigated and the results EhP%s_, rlnu,SAtI dbe prepgred ti)ndireg:‘g/ln 197%’ the_ reactivity o_f
are in agreement with those of Schleyer ef ak well as in 1€ Diels=Alder reactions betwee-O, and various aromatic

qualitative accord with available experimental dHta compounds, including anthracene, tetracene and pentacene, was

Singlet £Ag) oxygen, orfAg-Oy, takes part in many organic measured by Stevens et28lln 1980, a frontier molecular

syntheses and biochemical processes to form peroxide ancPrbitaP7 (FMO) study for these_ reactions was r eported by Van
hydroperoxided?-15 When it is present in the living cells, it den Heuvel et aP®8 they established a correlation between the

- o . d ; ;
reacts with lipid or unsaturated compounds to initiate the chain HUtheP tFM?t I;nteDr‘?(igz?ds aqg ﬂg exdp de_tr_|me?tal rfﬁctlon rate
reactions leading to peroxidation, or it can react with xenobiotics tcotns ants o d N tle €r "Ag2 addition fo anthracene,
to form superoxide anion radical and other active oxygen species e r"?‘c‘?”e and pen "?‘Ce“e- ] . .
of high cytotoxicity. The versatile reactivity ofAgO, is Similar to other Diels-Alder reactions, the addition reaction
attributed to its electronic configuratidf.it includes a low-  Of "Ag-O2 to acenes could proceed via two possible mecha-
lying 77 LUMO, which makestA,-O; a good electrophile, and nisms It may take place in a concerted fashion, with partial
a high-energyr HOMO, which is orthogonal to the LUMO formation of the two new bonds in the single transition state. If
and supplies a certain amount of nucleophilicity. Due to the both .ponds are f0fmeq e>§actly to the same extent in the
presence of a low-lying* LUMO, 1A,-O, may undergo many transition state, the reaction is said to proceed via a synchronous
pericyclic reactions with unsaturated organic compounds. concerted pathway; if the two new bonds are formed to different
Indeed, the DielsAlder reaction betweekA -0, and various extents in the transition state, the pathway is asynchronous. The
dienes has been known for many yeHradore recently, the other mechanism involves a stepwise process: first an inter-
reaction has found synthetic application for the stereocontrolled ;nedlate is formed with a single bond between thg-O; (or
generation of two 1,4-related oxygen-bearing stereocetté?s. °2¢"02) and the acene and the subsequent formation of the
The first observation of oxygen dissociated from endoper- ;econd bpnd yields the cycloaddltl.on p.roducp The |ntermed|qte
oxide (EPO) was made by Dufraisse et al. in 192@his involved in the stepwise mechanism is a biradical. Thus this
reaction did not arouse much interest in the next several decadesTe€chanism is expected to be energetically less favorable than
In the late 1960s, Wasserman's wdrklemonstrated that the the concerted on&. Still, we might anticipate that the stepwise

oxygen evolved during thermolysis of 9,10-diphenylanthracene Mechanism could compete favorably with the concerted pathway
if the diene molecule is so sterically hindered as to effectively

* Corresponding author. Fax: (852)-2603-5057; Phone: (852)-2609- block the formation of the concerted transition st&t&
6281; E-mail: wkli@cuhk.edu.hk. However, this is unlikely to be the case for the acenes
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Acenes form a class of highly aromatic compounds. The
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which have a planer structure. Clearly, for the reactions betweenCAS MCSCF calculations are computationally intensive, the
1A402 and acenes, both the energetic and steric factors favor TS search for théA4-O, additions to the other acenes was not
the concerted mechanism. Indeed, this is the only pathway thatperformed.
will be investigated computationally in this work. The energetics study of this work is based on the total en-
In the present work, we study the Dieldlder reactivity of ergies computed at the G3(MP2) levélwhich includes two
the acenes towarth\g-O,. The acenes studied include benzene, single-point calculations at the MP2/G3MP2Large and QCISD(T)/
naphthalene, anthracene, tetracene and pentacene. The calcul&-31G(d) levels of theory, based on the structures optimized at
tions were carried out at the G3(MP2) levéland these the MP2(Full)/6-31G(d) level. In addition, there is a zero-point
calculated energetic quantities will be compared with the vibrational energy correction calculated at HF/6-31G(d) level,
available experimental dat& Furthermore, an FMO study for ~ with a scaling factor of 0.8929, as well as an empirical high-
the regioselectivity of these reactions will also be carried out, level correction (HLC).
and a correlation between the FMO interaction and the G3(MP2)  Since several TSs of the reactions involving tetracene and
energy barriers will be established. Finally, the aromaticity of pentacene were only optimized at the HF/6-31G(d) level, the
acenes and acenes adducts is evaluated by means of the nucleugsults of these reactions were denoted as G3(MP2)//HF in the
independent chemical shifts (NICS) ind&xwhich describpes  following sections. On the other hand, the regular G3(MP2)
aromaticity from the magnetic point of view. results are called G3(MP2)//MP2.
On the basis of the success of our previous G3(MP2) Ground-state triplet X°Zg) oxygen, or X3Z-O,, can be
studies®s37the calculated results reported here may be regardedcalculated directly. But direct calculation éAg-O, yields a
as reliable estimates for those structural and energetic quantitiegnuch lowerZ;—!A, excitation energy! compared with the

that have not been measured in experiment. experimental value of 0.982 e'#Hence, in this work, to obtain
the energy ofAgy-O; at the G3(MP2)//MP2 or G3(MP2)//HF
Methods of Calculation level, we simply added the experimental excitation energy

. o ) . AE(E—1Ag) to the corresponding ground-state energies.
The calculations in this study were carried out in a number |5 the FMO theory, the second-order perturbation enetd) (
of computing environments, including: & 20-node P4-Linux o pjels—Alder reaction results from the overlap between the
cluster, an IBM RS/6000 SP high performance computer cluster, orpitals on the “termini” of the diene and dieneophile, and the
a Hewlett-Packard Linux-based supercomputer provided by The yominant interaction in the early stage of the reaction is that
Molecular Science Computing Facility High Performance patween the HOMO of the diene and the LUMO of the

Computing Center located at the Pacific Northwest National dieneophile. The quantitAE is calculated by the following
Laboratory. The Gaussian03 pack#gef programs was used expressiot®

in all Hartree-Fock and Mgller-Plesset calculations, while the
MOLPRO prograr®® was used in the QCISD(T) single-point AE = Eiumo ~ Evomo
calculations. A complete-active-space multiconfiguration self- B 1 1 \2, »
consistent field (CAS MCSCF) transition state (TS) search was \/(EHOMO — ELumo)” + 4(_Cr - _Cs) Bco (1)
carried out using the GAMESSpackage of programs. V2 V2

In this work, nine Diels-Alder reactions betweel\g-O, and Here,c, andc;s are the coefficients of the AOs on the terminal
five linear acenes are studied. These reactions involve 15 stablecarbons andsin the HOMO of the diene, and the factor42
species (reactants and products) and nine TSs. Structurain front of ¢, andcs is the coefficient of LUMO of an isolated
optimizations were calculated at the MP2(Full) and HF levels s-bond system, i.e3Ag-O; in the present work. In this study,
using the 6-31G(d) basis set. However, it should be noted thatthe HOMO of an acene and its enerdbmo) were taken from
some of the TSs involved in the reaction of tetracene and ref 43, and they were calculated by thé dkal method; the
pentacene could not be located at the MP2 and B3LYP levels. energy of the LUMO oftA4-O, (ELumo) is taken to beo +
Also, the TSs structures found with the B3LYP functional may 0.223, wherea. is the Coulomb integral of the carbon atom and
be erroneous; a fuller discussion on this point will be given f is the resonance integral between two carbon p orbitals. Also,
later. In any event, for those TSs that were not found with the fco is the resonance integral between the p orbitals of carbon
MP2(Full) method, they were identified at the HF/6-31G(d) and oxygen atoms, and its value was taken to be/D.2d
level. Subsequent energetics calculations at the G3(MP2) levelthese parameters were obtained by fitting with experimental
were carried out based on these structures. values, and they were reported by Van den Heuvel &t Hl.

All equilibrium structures were characterized by their har- should be noted that alAE values reported here have been
monic vibrational frequency calculations at the HF/6-31G(d) divided byf. In other words, they are in unit ¢f.
level, yielding no imaginary frequency. On the other hand, each ~ For the study of the relative aromaticity of the acenes and
TS was characterized by its sole imaginary frequency and the acene adducts, NICS calculations were performed. The NICS
vibrational normal mode with the imaginary frequency corre- index is defined as a negative value of the absolute shielding at
sponds to the pathway of tHe&\g-O, addition to acenes. the ring center, which can be computed by the GIAO method

To establish the symmetry property of the TS, i.e., to at the HF/6-3%+G(d) theoretical level> On the basis of the
determine if the two new €0 bonds are formed concomitantly, ~Optimized structures obtained at the HF/6-31G(d) level, the
a CAS MCSCEF search for the TS of th&y-O, addition reaction aromatic ring are those ring with negative NICS value, and the
to naphthalene was carried out. It was found that the TS of this more negative the index, the more aromatic the system. It should
reaction is indeed structurally symmetric and thus the addition be pointed out that the 6-31G(d) basis set has been recom-
reactions between thi\;-O, and acene are likely to proceed mended for NICS calculations, and NICS values are not very
via the synchronous concerted mechanism. Additionally, it was Sensitive to the basis set us&d.
also discovered that the electronic wave function of the TS is
dominated by the ground-state configuration. These findings
lend confidence to the results obtained in this work, all of which  In Figure 1, the structures of benzeflg, naphthaleng?2),
were obtained with the single-determinant approximation. Since anthracend3), tetraceng4), and pentacenés) and those of

Results
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Figure 1. Labeling of the rings in the acenes and acene adducts studied in this work.

the nine acene adducts are also shown. In addition, the rings inring is the outermost ring, it will become more aromatic. For

the acenes are also labeled. The nine Didlkler reaction example, the NICS index in the ring of 5b change from-3.9

pathways betweefA4-O, and acenes are displayed in Figure to —10.0. In other words, this ring becomes more aromatic. On

2. Selected structural parameters (in A and deg) and thethe other hand, if the adjacent ring is not the outermost one, it

imaginary frequencies for the nine TSs identified in this study will become less aromatic than before. For exampl&hinthe

are shown in Figure 3. The diagram shown in Figure 4 illustrates value of ringC changes from-14.3 to—6.9. Similar trends of

the FMO interactions in the DietsAlder type reaction; the aromaticity changes of acene adducts have been reported by

selected Hokel HOMO coefficients as well as the HOMO  Manoharan et &4 and they are also in agreement with the

energy of the acenes are also given in this figure. The correlationresults of our previous work.

between G3(MP2)//HF energy barriers and #ttes calculated In some earlier postulation, such as the sextet tHedry

from the FMO analysis is summarized in Figure 5. proposed by Clar, the reactivity increase for hexacene in
In Table 1, the total energies calculated at the G3(MP2)//MP2 comparison with anthracene is due to the loss of benzenoid

and G3(MP2)//HF levels for all species involved in this study character in hexacene. In contrast to this postulation, our results

are listed. In Table 2, the barriers and exothermicities of all given in Table 3, going from naphthaler® (o pentacenes),

nine reactions calculated at G3(MP2)//HF and G3(MP2)//MP2 the benzenoid character does not decrease, but it shifts from

levels are tabulated. Where available, experimental data are alsahe outer ring to the inner one. These results are in agreement

included for comparison. The GIAGSCF calculated NICS in-  with Schleyer’s studyand our previous results.

dices for the five acenes and nine acene adducts studied in this (ji) Structures of the Transition States. We now discuss

work are summarized in Table 3. In Table 4, th&s of the  the detailed structures of the nine TSs. At the HF level, all nine
reactions and the pertinent "ekel-HOMO paramenters of  TSs were located. At the MP2 level, only six were found; the

acenes are given. ones not identified werdb-TS, 5b-TS, and5c¢c-TS These results
) ) are presented in Figure 3. As can be seen from this figure, all
Discussion the TSs are structurally symmetric. That is to say, the two new

Our discussion is divided into four parts: aromaticity, C—O bonds are formed at the same time.
structures of the TSs, energetics of the reactions, and frontier However, at the B3LYP level, the TSs optimized are not at
molecular orbital study of the regioselectivity for the reactions all symmetric. For instance, ha-TS,the two G--O distances
betweentA4-O, and acenes. are found to be 1.880 and 2.303 A. Similarly, the corresponding

(i) Aromaticity and the NICS Indices. It should be men- C---O distance pairs fo#b-TS and5a-TSare 2.316/2.410 and
tioned that the NICS indices given in Table 3 for the linear 1.887/2.360 A, respectively. These TSs do not preserve the
acenes have already been reported in our previous #akk. symmetry plane present in the reactants and products.
mentioned then, the center ring in the linear acenes is always To ascertain the symmetry of the TSs, we performed a TS
the most aromatic one, and the aromaticity of the rings increasessearch for the reaction betweéng-O, and naphthalene using
along the serie€ > B > A (the labeling of the rings is given  the high-level CAS MCSCF method. In previous CASSCF
in Figure 1). Moreover, it is observed that the aromaticity of the studies oftA4-O, Diels—Alder reactions by Leach and Hotfk
center ring increases as the ring number increases. This findingand by Bobrowski et al'> an active space consisting of 10
has already been reported by Schleyer et despite different electrons and eight orbitals, (10,8), was suggested. This active
theoretical methods were used in the geometry optimization. space includes six orbitals, namety, (mx = m), (mx = 7y)*,

As shown in Table 3, the aromaticity of reacted ring in the andoz*, on the oxygen molecule (with eight electrons occupying
products decreases rapidly after the 1,4-oxygen addition to thethe lower five orbitals in the ground state) and the HOMO
acenes. The aromaticity change for the adjacent ring(s) depend4$. UMO orbitals of the diene molecule (with two electrons
on the position of the reacted ring in the acene: if the adjacent occupying the HOMO in the ground state). For the aforemen-
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Figure 2. Reaction pathways between the acenes and sirfglgt ¢xygen studied in this work.

tioned reaction betweel\¢-O, and naphthalene, we decided A larger active space can make sure that all orbitals which
to use once again the 6-31G(d) basis set. For the active spacearticipate in the formation of the TS do not accidentally swap
we included 12 electrons and 12 orbitals. In other words, the out of the active space during calculations. Such a precaution
level of theory adopted was CASSCF(12,12)/6-31G(d). We often ensures a smooth potential energy surface is obtained.
selected this larger active space becauses@nmetry was Upon carrying out the TS search for the reaction between
assumed for the TS and all molecular orbitals haysyimetry. 1A¢-O, and naphthalene at the CASSCF(12,12)/6-31G(d) level,
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Figure 3. Optimized TSs of the reactions between the acenes and siflgbkygen with selected structural parameters (in A and degrees). The
MP2(Full)/6-31G(d) and HF/6-31G(d) values are given in bold font and normal font, respectively.

we found that the two €-O distances in this TS are 2.004 and configuration (with a CI coefficient of 0.876, and the second

1.994 A, which indicates the TS is essentially symmetric. Also, largest coefficient is 0.111) dominates the ground-state wave
the TS obtained at this rather advanced level of theory is function. These results support the symmetric TS as well as
structurally very similar to those obtained with the HF and MP2 the results obtained with the single-determinant formalism.
methods. Electronically, upon examining the mixing coefficients When we further extended the calculation to the CASSCF(16,14)/
of the wave function, it was found that the ground-state 6-31G(d) level for the same TS search, very similar structural
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Figure 4. lllustration of the interaction between frontier molecular orbitals: selected orbital coefficientsakeHIHOMO of linear acenes and
the corresponding orbital energies.

results were obtained. Specifically, the twe-© distances in The earliest TS of the 1,4-addition of oxygen to acenes has

the TS become 2.007 and 1.997 A. In other words, the TS oncebeen found irbc-TS, the TS for the reaction between the center

again is very nearly symmetric. Also, these results indicate that ring of pentacene and Owhich corresponds to a-€0O distance

our first selected active space of (12,12) should be sufficient. of 2.093 A. On the other hand, the latest TS has been found at
It should be mentioned that we also investigated the triplet oxy- 1a-TS, the TS for the reaction between benzene andi®

gen addition pathways at various ab initio and DFT levels. How- which the G--O distance is 1.929 A.

ever, we were unable to locate any TS which would lead to ring ~ Similar to our previous studif,the dienophile addition to the

closure. This finding, along with our CAS MCSCEF results, are center ring of an acene has a longer-O distance in the TS

in total accord with those obtained by Bobrowski et®fbr the (i.e., an earlier TS) than the other rings. As shown in Figure 3,

1,4-oxygen additions to butadiene and benzene using CASthe G--O distances foba-TS 5b-TS, and5c-TSare found to be

MCSCF and CAS MCQDPT theories. These authors found that 2.005, 2.074 and 2.093 A, respectively;3a-TS and 3b-TS,

the reaction betwee\4-O, and benzene proceeds through a the G--O distances calculated are 1.991 and 2.032 A, respective-

single-step mechanism with a symmetric transition state. A con- ly. The G--O distances in the TSs which have not been discuss-

certed TS was also found for the same reaction by Leach anded are 1.971, 2.000, and 2.060 Ada-TS, 4a-TSand4b-TS,

Houk!6 at the CASSCF(10,8)/6-31G(d) and CASSCF(12,10)/ respectively. These results are also in accord with the aforemen-

6-31G(d) levels of theory. tioned trends. Among the nine TSs found in this work, there is a
In the following discussion, we will mainly concentrate on the correlation between the-€0O distances in the TSs and the aroma-

HF results presented in Figure 3, as HF/6-31G(d) is the only level ticity of the rings in the acenes: the more aromatic the ring in

at which all nine TSs are identified. In our previous sttidyf an acene, the earlier the TS.

the Diels-Alder reactions between ethylene and the acenes, we Before proceeding to the next section, it is mentioned that,

have shown that the -@C distances in the TSs between the by the assumption of a symmetrical and concerted TS for the

ethylene and acene moieties is highly correlated with the reactions studied, a very good correlation is found between the

aromaticity of the ring to be reacted. In this work, a very similar G3(MP2)//HF energy barriers and thés calculated from FMO

correlation is also observed. analysis. Moreover, as will be discussed in section iii, these
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Figure 5. Correlation between the G3(MP2)//HF barrieEs)(and the second-order perturbation enery), The positions attacked by singlet

oxygen are indicated by asterisks.

results are also in agreement with available experimental kJ molL. The experimental energy barrier for the reaction of
data?6-28 Such an accord supports the symmetric TS model and 4b is 14.6 kJ mot?! higher than that of the reaction &t.26

the use of single-determinant theories in the present work. A This value is once again in good agreement with our G3(MP2)//
detailed discussion of the FMO analysis will be given in section HF result of 10.7 kJ mott.

iv.
(i) The Energetics of the Reactions between Singlet
Oxygen and the AcenesExamining the reaction barriers and

To summarize, along the series of linear acenes from benzene

to pentacene, the reactivity toward singlet oxygen addition

increases in the order of benzer® (< naphthalene2) <

exothermicities listed in Table 2, among the nine reactions anthracene3) < tetracene4) < pentacene). The aromaticity

studied in this work, the reaction obc has the largest
exothermicity £179.1 kJ mot?) and the smallest energy barrier

of the acenes also increases in the same order. A similar trend
or correlation was our found in our previous work on the

(5.7 kJ motY); this reaction corresponds to the 1,4-addition to reactions between acenes and ethyféne.

the center ring of pentacen®)(In other words, this is the most
energetically favored reaction in this study Srthe center ring

A possible explanation of this correlation has been discussed
previouslyl® so only a brief discussion will be given here. A

is the most aromatic as well as the most reactive. Its neighboringnatural bond orbital (NBO) stud§shows that acene has a highly
rings are less aromatic as well as less reactive (for the reactiondelocalized structure, and the four carbon atoms next to the

of 5b, the exothermicity is-161.9 kJ mot! and the barrier is

meso-carbons of the inner ring are electron-deficient. Therefore,

12.1 kJ mot?). Finally, the outermost rings are least aromatic the addition of dieneolphile such as ethylene and singlet oxygen
and least reactive; the exothermicity and energy barrier for the to meso-carbons at the inner ring results in reduction of electron

reaction of5a are —87.0 and 42.2 kJ mol, respectively. In
the experiment by Stevens et #l.the energy barrier for the

deficiency for the other four carbon atoms in the ring.
On the basis of the reactivity index measured from the

reaction of5c has been taken as the reference for the measure-quantum yield of photoperoxidation in air-saturated solutions
ments of other reaction barriers, and it was taken to be 0.0 kJof benzene at 28C, the rate constants for the addition reactions
mol~t in their paper. For the sake of easy comparison, our of 1:A4-O, to with anthracene, tetracene and pentacene have been

G3(MP2)//HF calculated energy barrier for this reaction will

reported by Stevens et @ The measured rates (inMs™1) of

be taken as the experimental value in the following comparison. the reactions involving anthracene, tetracene and pentacene are
A very similar trend is also found in the other reactions. For 0.15 x 1075, 14 x 10°% and 4200x 1076, respectively.

anthracene, reaction &b (with an exothermicity of—123.8
kJ mol~! and a barrier of 25.2 kJ mol) is favored over reaction
of 3a, (with an exothermicity of~73.8 kJ mot?! and a barrier

Aromatic systems such as benzene and naphthalene are unre-
active with'A4-O,, but with the highly reactive dicyanoacetylene
they give [4 + 2] cycloadductd! These findings are in

of 46.9 kJ mot?). Once again, the center ring of anthracene is (qualitative) accord with the aforementioned trend of reactivity
the most aromatic as well as most reactive. The reported calculated in the present work.

experimental energy barrier of the reaction3if is 25.5 kJ
mol~1 higher than that of the reaction 6£2% Our G3(MP2)//
HF results show that the barrier of the reactior8bfis 19.5 kJ
mol~?1 higher than that of the reaction €. So our calculated
results are in fairly good agreement with experiment.
Similarly, for tetracene, the reaction @fb is the most
energetically favored: its exothermicity and barrier ai#49.8
and 16.4 kJ mot, respectively. Meanwhile, the reaction4#
has an exothermicity 0f82.9 kJ mof! and a barrier of 43.7

Our calculated results are also indirectly supported by another
experimental evidence. In 1979, Biermann and Schmidt studied
the Diels-Alder reactivity of polycyclic aromatic hydrocarbops.
They measured the rates of reaction of 21 acene-type hydro-
carbons with excess maleic anhydride at 91Gin 1,2,4-
trichlorobenzene. They found that anthracene, tetracene, and
pentacene, among others, react cleanly under these conditions,
while benzene and naphthalene show no noticeable-bBidtker
reactivity. The measured second-order rate constants (imr'L M
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TABLE 1: Total Energies (in hartree) of the Stationary

Chien et al.

TABLE 3: NICS Indices (in ppm) for the Acenes and Acene

Points for the Diels—Alder Reactions between Acenes-15 Adducts
and Singlet (Ag) Oxygen point
species symmetry G3(MP2)//IMP2 G3(MP2)//HP species ring group NICS 6-3+G(dP NICS 6-3H-G(df
Reactant benzend Den —-9.7 —-9.7
(triplet 02 3y —0;  Deon —150.16434  —150.16380 la Ca -3.1
(singlet Q)¢ 1:A4-O, Den —-150.12825  —150.12771 naphthalene Dan -95 —-10.0
benzend Den —231.82976 —231.82856 2a Cs
naphthalen@ Don —385.21410 —385.21203 ring with O, A —-1.4
anthracen& Don —538.59271 —538.58972 ring without &, B —10.0
tetracenet Don —691.96892 —691.96484 anthracen@® Don
pentacen® Don —854.34436 —845.33862 outer ring —7.4 —8.3
Product central ring —-13.1 —13.3
la Ca ~381.96061  —381.95666 sa GCs
2a C —535.36511  —535.36047 ingwith O, A ~L7
3a C —688.75116  —688.74554 central ring B —10.0
3b Ca —688.76965  —688.76458 outer ring c —11.3
4a C ~842.13080  —842.12414 b Ca
4b C. —842.15558  —842.14959 outer ring A —10.0
5a C —99550732  —995.49945 ringwith G, B —03
5b G ~995.53516  —995.52801 ﬁ{:ﬁﬁgg‘ A Dan 55 6.8
5c Ca 995.54144 995.53454 central fing B 127 131
Transition State 4a Cs
1-TS Ca —381.93417  —381.92694 fing with O, A ~13
2a-TS Cs —535.32696 —535.31927 central ring B —6.7
3a-TS Cs —688.70831 —688.69958 central ring C —12.8
3b-TS Coy —688.71191  —688.70782 outer ring D -80
4a-TS Cs —842.08600 —842.07592 4b Cs
4b-TS Cs —842.08630 outer ring A —-10.0
5a-TS Cs —995.46173 —995.45025 ring with O, B 0.01
5b-TS Cs —995.46173 central ring C -9.2
5¢-TS Cy, —995.46417 outer ring D —-9.9
Reactants pentacen& Dan
1+ A4 0, —381.95801  —381.95627 outer ring A —3.9 —5.5
2+ A4, —535.34235  —535.33974 middle ring B —-11.2 —12.0
3+ A4O; —688.72096  —688.71743 central ring c —-14.3 —14.3
4+ A40p —842.09717  —842.09255 sa Cs
5+ A4O; —995.47261  —995.46633 ring with O, A —14
middle ring B —-4.8
2 Standard G3(MP2) procedure, where molecular geometry is central ring C —-11.9
optimized at MP2(Full)/6-31 G(d); zero-point correction is based on  middle ring D -13.0
the frequencies calculated at the HF/6-31G(d) leévilodified G3(MP2) outer ring E -6.0
procedure, in which both molecular geometry and zero-point vibration 5b Cs
correction are calculated at the HF/81 G(d) level.c Total energy of outer ring A —10.0
singlet Q is calculated by the addition of experimental excitation ring with O, B 0.0
energies AE(Z;—'Ay), to the calculated total energy of triplet,.O central ring C —6.9
Excitation energyAECZ;—'A,) is taken to be 0.03069 hartree (0.982  middle ring D -12.9
eV), according to ref 38. outer ring E —-8.9
5c CZU
TABLE 2: Energy Barriers and Exothermicities (in kJ outer ring A -9.9
mol~1) of the Reactions between Acenes 1 to 5 and Singlet middle ring B -9.3
(*Ay) Oxygen Calculated at the G3(MP2)//MP2 and ring with O, C 0.3

)
G3(MP2)/IHF Levels

aHF/6-31+G(d) NICS calculations based on the HF/6-31G(d)

G3(MP2)//MP2 G3(MP2)//HF structures® NICS values based on the B3LYP/6-31G(d) structures
reaction reported in ref 10.
duct barri thermicit barri thermicit . .
produc amer exomermicty amer SXohermicty TABLE 4: Second-Order Perturbation Energy (AE, in
1 62.6 —7.6 77.0 —-1.0 P-Unit) of the Reactions between Acenes and Singlet Oxygen
2 40.4 —59.8 53.7 —54.4 (*Ay) Calculated by Huckel Molecular Orbital (HMO)
3a 33.2 —79.3 46.9 —73.8 Theory and Pertinent HMO Parameters for the HOMO of
3b 23.8 —127.8 25.2 (25.8) —123.8 Acenes
4a 29.3 —88.3 43.7 —82.9 —
ab 1534 16.4 (14.6) 1498 aromatic ring attacked b\A;-O»
5a 28.6 —91.1 42.2 —87.0 A B C
5b —164.2 12.1 —161.9
5¢ ~180.1 57(0.0°  -1791 acene AE (¢—c)’ AE (6—¢)f AE (6— o
a G3(MP2)//HF quantities calculated based on the structural opti- % 812? é?g%
mization at HF/6-31G(d) leveP. Experimental barriers, relative to the 3 0'127 0'378 0.216 0.774
energy barrier for the reaction &t, reported in ref 26¢ This energy 4 0.133 0225  0.249 0.590
was taken as the reference for the measurement of other energy barriers g 0:154 0:141 0:267 0:423 0.309 0.566

in ref 26.

s 1) of the reactions involving anthracene, tetracene and Additionally, they found that the most reactive positions of the

pentacene are 2.27 1073, 9.42x 1072, and 1.64, respectively.

linear acenes are the meso-carbons of the inner ring in each
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acene. While these reactions do not involve the addition of Dr. Adam Liwo for helpful discussions. This research was
singlet oxygen, the kinetics results are in accord with the performed in part using the Molecular Science Computing
computational results reported here. Hence, we may take thesd~acility (MSCF) in the William R. Wiley Environmental
experimental data as indirect evidence that support our G3(MP2)Molecular Sciences Laboratory, a national scientific user facility
results. sponsored by the U.S. Department of Energy's Office of

(iv) Frontier Molecular Orbital Study of Regioselectivity. Biological and Environmental Research and located at the
As mentioned before, Van den Heuvel et al. reported that the Pacific Northwest National Laboratory. Pacific Northwest is
AE calculated in a FMO analysis is well correlated with operated for the U.S. Department of Energy by Battelle. The
experimental rate constants for the reactions betwegrO, authors would like to thank the referees for their constructive
and acenes, including anthracene, tetracene and pentddene. comments. They are also grateful to Professor Peter Gill at the
the present work, we employed the FMO analysis to study the Australian National University for helpful discussions.
regioselectivity of these reactions.
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