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Abstract: In this study, B3LYP is used to calculate the decarbonylation reactions of the bicyclo-
[2.2.1]hepta-2,5-dien-7-one (7-norbornadienone, 1) and its related extended fused aromatic
analogues 2—5. On the basis of our results, all of the reactions tend to proceed synchronously
to expel CO, forming the corresponding aromatic hydrocarbons. It is found that the more
exothermic the reaction is, the less of a reaction barrier it needs to overcome. Moreover, upon
a decrease of the reaction exothermicity, the structure of the transition state is farther away
from the reactant, and the reaction barrier increases. The results agree well with the Hammond
postulate as well as the Bell-Evans—Polanyi principle. Studies predict an activation energy of
27.83 kcal/mol for 5, so that the production of pentacene from compound 5 might proceed at
elevated temperatures such as 400 K.

1. Introduction Scheme 1. Structures of Various Compounds in This

Since the early 1900s, it has been recognized that bicyclo-Study
[2.2.1]hepta-2,5-dien-7-one (7-norbornadiena)ewas re-

Q
markably prone to fragmentation, losing carbon monoxide. } {
The previously reported activation energy for its fragmenta- b
tion to carbon monoxide and benzene was#12.5 kcal/ / A I Q
mol.23 Landesberg and Sieczkowslsuggested that was
1 2 3

destabilized by electron repulsion between the olefinic and
carbonylr orbitals. Woodward and Hoffmahmdiscussed

(0]
that the decarbonylation dfas an orbital symmetry allowed {
cheletroptic reaction, which was in turn a class of pericyclic
reactions. They highlighted it as a prime example of how b I
the availability of an allowed pathway may lower the I QQ [ QQ
activation energy of a reaction. In this study, we have
4 5

performed a systematic approach on a series of analogues

of 1 by fusing various numbers Of. the penzene fing (see devices stems from their mechanical flexibility, their potential
Scheme 1) and developed some discussions extracted fro

Mor interfacin iological ms, and their f
the results. An extension of this study that can be made is or interfacing to biological systems, and their ease o

. pr ing over lar reas.
whether pentacene can be produced from the decarbonylatloﬁj ocessing over large ares
reaction. Pentacene is a key prototype used in organic single-,

. . ; -~ 2. Theoretical Method
| field eff FETSs). | ) . .
crystal field effect transistors ( S). Interest in organic All calculations are done with the Gaussian 03 progtam.

* Corresponding author fax:+2-23695208; e-mail: chop@ 1ne B3LYP functional is used with the basis set 6-31G*

ntu.edu.tw. (hereafter designated as B3LYP)J2The calculated minima
T National Taiwan University. and transition states (TSs) have been carefully checked by
¥ Academia Sinica. frequency analyses to examine whether the number of the
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imaginary frequency is zero or one. All mentioned energetic Table 1.

tions!3 In transition-state theory, the rate constant could be
expressed as

k=—K* (1)

where K* denotes an equilibrium constant between the
reactant and the activated complex. In statistical mechanics,
the equilibrium constari* could be represented by molec-
ular partition functions of the activated complex and reactant.
In Born—Oppenheimer approximation with a neglect of
vibrational coupling, the molecular partition function can be
factorized into its translational, rotational, vibrational, elec-
tronic, and nuclear parfd. The translational and nuclear
partition functions of the activated complex and reactant are
assumed to be unchanged and can thus be canceled out.
Accordingly, K* can be expressed as shown in eq 2.
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B3LYP and MP2 Results for the Decarbonylation
values are corrected for zero-point vibrational energy unlessReactions and the Transition State Geometric Structures of
otherwise specified. All rate constants are calculated accord-1 and 2 (Energetic Values in kcal/mol, Bond Lengths in A,

ing to transition-state theory incorporating partition func- and Bond Angles in deg)

-

O
| f

g

C

1TS

I,

Ki _ O O Y (2) HF B3LYP MP2 previous result

0:9\%e

. . S . Eé 21.98 12.95 12.06 7.8b
where the superscript  gives an indication of the partition 18¢
functions of the activated complex agd gy, andge are the 16 4 2.50
rotational, vibrational, and electronic partition functions, 15.2¢
respectively.q.* excludes the contribution of the reaction Apr  _s56.10 3951 —36.98 —51c
coordinate, andye just considers the contribution of the _305e
ground state. The critical rotational constants and vibrational 5 1.970 1.990 1.986 1.980°
frequencies for the rotational and vibrational partition func- 1.9869
tions are calculated by B3LYP. More detailed information ¢ 78.85 78.84 79.21 80.00
is provided in the Supporting Information. d 1.450 1.450 1.450 1.4519

e 1.450 1.450 1.450 1.4519

3. Results and Discussion f 1.130 1.150 1.150 1.170¢
3.1. The Reliability of the B3LYP Results.First of all, the 9 1155 115.6 115.2
reliability of our B3LYP results is investigated. In Table 1,
the results of B3LYP and MP2with the same basis set  Ea 16.44 15.61
(hereafter designated as MP2) are compared with the AH —28.86 —25.72
previous results for the cases of compouhdsd2.216 The a 2.021 2.021
geometric parameters of interest for further discussion are ¢ 78.81 78.96
also defined in Table 1, in which a truncated structure of d 1.440 1.430
the transition state is depicted 43S. Similar tendencies ~ © 1.460 1.450
can be found between these two results. Both methods predict f 11613';50 11;';50

that upon fusing one benzene ring to the 7-norbornadienone_9
skeleton, forming@?, the activation energy is raised and the

a F,: the activation energy. ? The results were calculated by MP2/
4-31G, see ref 15.°The AG* and AH, values in ref 2b. “The

exothermicity of the reaction is decreased in comparison t0 gyperimental E, value from NMR, see ref 2a. © The values are

that of 1. More importantly, one could find that both MP2

calculated by MP4(SDTQ)/D95**, see ref 2c. fAH. the heat of

and B3LYP predict similar lengths for geometric parameter formation. 9 The values are calculated by MP2/6-31G*, see ref 2c.

a, defined in Table 1. As can be seen in Table 1, our results

agree with most of the listed previous experimental and Because the reaction does not involve hydrogen atoms, the
theoretical value31® Thus, both results render firm support addition of second diffuse and polarization functions, that
in that the reaction is synchronous rather than nonsynchro-is, extra functions on hydrogen, is not necessary. This
nous. On the basis of these benchmark tests, we concludeviewpoint can be supported by the results that 6-31G* has
that the results of B3LYP are trustworthy for dealing with similarities with 6-31G** (see Table 2) in this study.
the current system. Furthermore, the resultslfoalculated Likewise, all basis sets predict similar lengths for geometric
by the B3LYP method with various basis sets (6-31G*, parameter a, defined in Table 1, indicating that synchronicity
6-31+G*, 6-311G*, and 6-31+G*) are compared and listed  of the reaction is maintained among these basis sets. In
in Table 2, along with the data in previous literatéfé. advance, we also perform the HF/6-31G* calculation and
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Table 2. Results of the Decarbonylation Reaction of 1
Using Different Basis Sets with the Same Method B3LYP
(Energetic Values in kcal/mol, Bond Lengths in A and Bond

Lai et al.

Table 3. Activation Energies (E,), the Heats of Formation
(AH), and Marcus and Miller Parameters of Compounds
1-5 for the Decarbonylation Reactions

Angles in deg) Ea AH Marcus Miller
previous _
6-31G* 6-31G** 6-31+G* 6-311G* 6-311+G* data L 12.95 39.51 0.1186 0.1980
2 16.44 —28.86 0.2806 0.2663
Ea, 12.95 12.90 12.86 11.65 12.03 7.82 3 22.47 —14.29 0.4205 0.3794
18° 4 24.91 —-8.731 0.4562 0.4254
16 £2.5¢ 5 27.83 —2.502 0.4888 0.4785
15.24

AH —39.51 —39.48 —41.39 —43.23 —42.81 —32.59

Selected Structural Parameter of Transition State
ac 1.990 1.990 1.985 1.970 1.979 1.9802
1.986"

decreased as the number of fused benzene rings increased
from 1 to 5. The tendency of the reaction heat could be
rationalized by the available resonance energy after reaction.

c© 7884 7891  79.23  79.39 79.28 80.0 ) )
de 1450 1450 1450  1.450 1.450 14517 The resonance energy is usually defined as a measure of the
ee 1450 1450 1460  1.450 1.450 1.451f extra stability in conjugated systems relative to their corre-
fe 1150 1150  1.150  1.150 1.150 1.170" sponding isolated double-bond analogues. The isodesmic
ge 1156 1156 1156 115.4 115.3 reactio* shown in eq 3 (takin@ as an example) can be

a The results were obtained by MP2/4-31G, see ref 15. » The AG* used to estimate the available resonance energy after the
and AH, values are taken from ref 2b. ¢ The experimental E, values decarbonylation reaction & 3, 4, or 5 relative tol. The
are taken from NMR, see ref 2a. 9 The values were calculated by . . . .
MP4(SDTQ)/D95**, see ref 2c. € The parameters are defined in Table reaction enthalpy of eq 3, that i&H, is equivalent to the
1. "The values were calculated by MP2/6-31G*, see ref 2c. difference in resonance stabilization energy betwe@RE)
compare it with B3LYP, MP2, and the previous results listed @1d2 (0r 3, 4, 0r'5) (RE) (or 3,4, or5y AH2 < O stands for
in Table 1216 As shown in Table 1, B3LYP can handle some (RE) @3 4,5> (RE) and vice versa. Accordingly, values
electron correlation because of its prediction of similar of AHz are calculated to be 10.66, 25.22, 30.78, and 37.01
tendencies in parameters of interest, such as the enthalpy okcal/mol for2, 3, 4, and5, respectively. Apparently, as the
reaction AH) and the activation energ§{), as well as some  number of fused benzene rings increase frbrto 5, the
critical bond angles and distances with respect to MP2. In resonance stabilization energy of the corresponding products
summary, all of the aforementioned results support our choicefrom benzene to pentacene decreases accordingly.
of using B3LYP to calculate even larger compounds such
as3—5.

3.2. The Synchronicity of the ReactionA synchronous

[0}
[o]

reaction is defined as the breakage (or formation) of several
chemical bonds simultaneously during the reaction. Whether / . O / . ©
concerted pericyclic reactions occur via synchronous or
nonsynchronous pathways and which theoretical or experi-
mental criteria should be used to differentiate between them
appeared to be a core issue in the past2° In fact, ab initio
calculations on pericyclic reactions have generally found
synchronous transition stat&sOccasionally, nonsynchro-
nous transition states have been found at low levels of theory,
but they may disappear at higher correlated levels of o . . :
theory2%ab For the decarbonylation df, nonsynchronous tranS|t|on state with respect to the energles of the reactl_on.
transition structures have been located only at the UMNDO 1Nis postulate has been proven to be valid for most chemical
and UHF/STO-3G levels. But at higher levels of theory such "eactions, although some exceptions have been reptrted.
as (U)HF/4-31G, only the synchronous transition state has In 1986, Birney and Berson found a good correlation between
been found. In this study, we have made an attempt to locatethe kinetic and thermodynamic stabilities of decarbonylation
nonsynchronous transition structures using both UB3LYP of 1 and other orbital-symmetry-allowed cycloreversion
and UMP2 methods. In this attempt, different lengths for reactions by plotting the activation free energy¥) and
geometric parameters a and b (defined in Table 1) were setthe enthalpy of reactionAH,).2° On the basis of a similar
as the initial guess for the transition-state optimization. Even pjot (see Figure 1), a good linear relationsH§ € 0.9991)
though such methods might be expected to favor nonsyn-was found betweer\G* and AH, among1—5, consistent

chronous pathways, these two methods only optimized 10 yith Bimey and Benson’s kinetics/thermodynamics correla-
synchronous transition structures.

3.3. The Location of the Transition State The properties
of the transition state play a critical role in chemical reactions. ~ Several relevant models have been developed to quanti-
The calculated reaction heats and activation energies ardatively characterize the transition-state position, of which
summarized in Table 3. It was found that the exothermicity two are introduced here. Marcisuggested an expression

As shown in Table 3, the more exothermic the reaction
is, the less of an activation barrier it has, the results of which
agree well with the Hammond postul&tewhich proposes
a simple qualitative correlation to relate the position of the
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Figure 1. Linear fitting of the activation Gibbs free energy
(AG*) and the reaction heat (AH;). Solid points are theoretical
results (R? = 0.9991)

for the position of the transition statg*}, as given by eq 4.

r

(Y ) 05+A
arcus)= 0.
x 8E,°

a

(4)

where AH; is the heat of reaction angy? is the intrinsic

J. Chem. Theory Comput., Vol. 2, No. 4, 200881
Table 4. Selected Geometric Parameters of 1—5 (Bond

Lengths in A and Bond Angles in deg)

g

o]

!

aa Ca da ea fﬁ ga

1 1.584 93.80 1.520 1.520 1.190 110.2

1.607° 93.4b 1.5330 1.5330 1.226°
1.575¢ 1.528¢ 1.528¢ 1.193¢
1.5809 1.5124 1.5124 1.2014

1.578 94.86 1.520 1.520 1.190 109.1
1.574 95.78 1.520 1.520 1.190 108.4
1.572 96.05 1.520 1.520 1.190 108.1
1.570 96.25 1.520 1.510 1.190 108.1

a b wN

aThe parameters are defined in Table 1, and the geometry is
optimized under a Cs symmetry. The o planes in 1-5 are defined

activation energy. This equation was originally proposed to above (taking 1 as an example). Note that 2 and 4 have no ¢’ plane.

characterize electron-transfer reactions. Chen and Mug&loch
as well as othef8 pointed out that eq 4 could also be used
for the interpretation of other types of chemical reactions.
Miller3! devised a similar formulation for the energetic
behavior of the chemical reaction, expressed in eq 5

1

T —
¥ (Miller) = 2~ AHJE,

®)

For both Marcus and Miller parameters, the smajéer

b The values were calculated by MP2/4-31G, see ref 15. ¢ The values
were calculated by MNDO/3, see ref 21. 9 The values were calculated
by MP2/6-31G*, see ref 2c.

results of1-5 are extracted and summarized in Table 4.
Some previous results fdr are also listed in Table 4 for
comparisort:*6220ne can promptly see that when the number
of fused benzenes on either side of 7-norbornadienone
increases, that is, fronl to 5, the geometry of the
7-norbornadienone skeleton changes only slightly, even for
the unsymmetric analogu@sand4. Geometric parameter a

value indicates that the transition state is closer to the decreases slightly as the number of fused benzenes on either

reactant. When the value was larger (smaller) than 0.5, the

transition state was productlike (reactantlike).

Accordingly, the Marcus and Miller parameters are used
to calculate the transition-state position, and the results are
also listed in Table 3. Because of the exothermic reaction in

the decarboxylation reaction &f-5, the resulting¢* values

of <0.5 are expected. Furthermore, one can see that, as th
number of fused benzene rings increases, the Marcus an

Miller parameters become larger, the results from which

side of 7-norbornadienone increases. Apparently, as the
decarbonylative reaction becomes more favorable, geometric
parameter a or b increases accordingly. This trend agrees
with the previous discussions about the retro Digldder
reaction and cheletropic fragmentati&nThese reactions
have been proven in accord with the structure correlation

%rinciple of Dunitz et af* The structure correlation principle

uggests that the structures of molecules can show distortions
along a reaction coordinate, but only when the electronic

indicate that the transition state shifts to the product side as¢, s that stabilize the transition state are present in an

the decarboxylation reaction takes place in compounts
Furthermore, according to the BelEvans-Polanyi prin-
ciple? for closely related reactions, there exists a linear
relation betweerk, and AH,, expressed as

E,= A+ BAH, (6)

As depicted in Figure S1 (see the Supporting Information),

a good linear relationship was observe? (= 0.9983)
betweenE, and AH, for 1—5, consistent with the Be#t
Evans-Polanyi principle.

Additional firm support is provided by the structural

appropriate ground-state geometry. This is indeed a corollary
of the Hammond postulate and of the Belitvans-Polanyi
principle. Table 5 lists some critical bond distances and
angles for the transition states 5 (also see Table 1 for

1 and2). In comparison, it was found that the change of the
O=C---C bonding distance between the reactant and the
corresponding transition state increases with an increase in
the number of fused benzenes frdirto 5 (see Table 5).
The results clearly show that the structure of the transition
state is shifted to the product once the exothermicity of the
decarboxylation reaction is decreased frdmto 5, ac-

analysis. The selected geometric parameters and the B3LYRcompanied by an increase of the activation energy.
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Table 5. B3LYP Results for the Decarbonylation with the existing experimental evidente, which reports
Reactions and the Transition State Geometric Structures of that the optimal temperature needed to observe decarbonyl-
3-5 (Energetic Values in kcal/mol, Bond Lengths in A, and ation reactions fod and3 is 195 and 300 K, respectively.
Bond Angles in deg) If one anticipates the production of pentacene by the
3 4 5 cheletroptic decarbonylation reaction®fa temperature of
E, 22 47 2401 2783 400 K, in which the rate of reaction is calculated to be 5.4
AH _14.29 _8.731 2502 x 1072571, may serve as an optimal experimental condition.
aa 2.098 2.120 2.156 At this elevated temperature, the disadvantagebfseems
ca 77.00 76.60 75.73 to be the result of its small exothermic reaction wikhl of
da 1.440 1.440 1.440 only —2.502 kcal/mol. Nevertheless, because the product CO
ea 1.440 1.450 1.440 is in the gas phase at, for example, 1 atm and 400 K, the
fa 1.150 1.150 1.150 equilibrium should favor pentacene formation according to
g? 117.2 117.6 117.9 Le Chdelier’s principle.

2 The parameters are defined in Table 1.

Table 6. Calculated Rate Constants (s™1) of the 4. ConCIU_Slon )
Cheletroptic Decarbonylation Reactions for Compounds In conclusion, we have reported a systematic approach on
1-5 the cheletroptic decarbonylation reactiorilef5. The results

clearly conclude that the thermal cheletroptic decarbonylation

1 Egnf}fgleene reaction tends to proceed synchronously fer5. We are

g r an{)hracene +CO particularly interested in the decarbonylation of compound
4 tetracene 5 in producing pentacene. In view of the FET application,

5 pentacene although thermally generated pentacene could be made by

retro Diels-Alder reaction’®%° side products are unavoid-
able and may exist as the impurity in the film. Alternatively,

k at 200 K k- at 250 K k- at 300 K k at 400 K

1 6.014 x 101  1.250 x 10*  4.196 x 10°  3.601 x 107 photolysis of the pentacene precursor, generating pentacene,
4.62 x 10742 has been reported. However, the product, that is, pentacene,
2 1020 x10™° 5682 x 1072 1.876 x 10  2.843 x 10° is also subject to photolys#:*° Accordingly, 5 may serve
3 6429 x 107" 7.836x 1077 2043 x107° 4.163 x 10 as a prototypical pentacene precursor for organic field-effect
2.39 x107°° transistors because its thermally activated process to produce
4 9.012x 107 3729 x107° 2202 x10°° 1.253 pentacene is feasible under an elevated temperature of, for
5 8814x107%® 1.649x 107" 2667 x1077 5367 x 1072 example, 400 K. Our results also draw a conclusion in that,
2 The experimental result at 213 K, see ref 2a. ® The experimental as the number of fused benzene rings on either side of

It at 298 K, f 35. ) ; .
resut & seere 7-norbornadienone increases, that is, frdmto 5, the

3.4. The Rate Constants.In 1979, Irie and Tanida correspondingt, and the endothermicity of the reaction both
reported the effect of the electron-withdrawing group, ;NO increase, and .the stru_cture of the transition state Iean_s toward
on the decarbonylation rate of compoud@nd found that the product side. This tendency can be weII—descrlbgd by
the reaction rate increased as the number of i@ups on  the Hammond postulate as well as the Béllzans-Polanyi
the benzene increased. The decarbonylation rates for com®rinciple.
pound3 in dioxane were 2.3% 105 6.64 x 10°° and
1.45x 10 s * when the number of NOgroups was zero,
one, and two at 25C, respectively?® In this study, we make
an attempt to calculate the decarboxylation reaction rate
constant according to the transition-state theory (see the
section on the theoretical methddDetails of the derivation
of rate constants listed in Table 6 are provided in the
Supporting Information. At the ambient temperature of 300
K, the rate of decarboxylation fdr—5 is on the order of 4.2
x 1P, 1.9x 10%, 2.0 x 1073 2.2 x 105 and 2.7x 1077
s 1, respectively. Fof, the experimental value &f= 4.62
x 1074 s71, deduced from a half-life of 25 min at 213 %K,
is somewhat smaller than the 6.034 10" st at 200 K
calculated by the theoretical approach. This discrepancy may
be due to the fact that transition-state theory neglects the
probability of the backward direction of the reaction. (1) (8) Dilthey, W.; Schommer, W.; Trosken, @er. Dtsch.

. - . Chem. Gesl933 66, 1627. (b) Ogliaruso, M. A.; Romanelli,
Furthermor Ivation eff m [ major role, which
ru thermo €, S0 gto effects may play a major role, whic M. G.; Becker, E. IChem. Resl965 65, 261. (c) Allen, C.
is not considered in the current approach.

S ] . F. H.; Van Allan, J.J. Am. Chem. S0d.942 64, 1260. (d)
Nevertheless, the results indicate a minor to negligible Fieser, L. F.; Fieser, MOrganic ExperimentsD. C. Heath

degree of decomposition fdrand5 at 300 K, wheread is and Co.: Boston, MA, 1964; pp 36317. (e) Bartlett, P.
readily decomposed. The results are in qualitative agreement D.; Giddings, W. P.J. Am. Chem. Sod.96Q 82, 1240. (f)
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