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Energetics of fert-Butoxyl Addition Reaction to Norbornadiene: A Method for Estimating
the 7-Bond Strength of a Carbon—Carbon Double Bond
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The energetics of fert-butoxyl radical addition reaction to norbornadiene was investigated by time-resolved
photoacoustic calorimetry (TR-PAC). The result, together with the C—O bond dissociation enthalpy (BDE)
in the addition product, allowed us to calculate the ;z-bond dissociation enthalpy in norbornadiene. Quantum
chemistry (QC) methods were also used to obtain several enthalpies of reaction of the addition of oxygen-
centered radicals to alkenes. The s-bond dissociation enthalpies in these molecules were calculated by a
procedure similar to that used in the case of norbornadiene and were compared with the 7-BDE values obtained
by the method proposed by Benson. These two different approaches yield similar values for the 7-BDEs in
alkenes, indicating that the addition method proposed in the present study is a valid way to derive that quantity.
The influence of strain in the 7-BDEs of cyclic alkenes was investigated and allowed us to justify the difference
between the 7-BDE in norbornene and norbornadiene. Finally, the thermochemistry of the addition and
abstraction reactions involving these two molecules and fers-butoxyl radical was analyzed.

Introduction

The addition of oxygen-centered radicals to carbon—carbon
double bonds is an important step in mechanistic studies
involving lipid peroxidation processes' and the tropospheric
decomposition of terpenes.” Yet, to the best of our knowledge,
the corresponding enthalpy of reaction has not been experi-
mentally determined. An additional interest of this value is that
it allows us to estimate a fundamental chemical quantity: the
bond dissociation enthalpy (BDE) of a z-bond (DH,) in an
alkene. This quantity can be identified with the process
illustrated for ethylene in Scheme 1, where DH, is the bond
dissociation enthalpy of the o bond.

There are several approaches to separate DH, from DH,, in
DH°(H,C=CH,).> The commonly accepted ways to estimate
DH_, are the Benson method>* and the determination of the
energy barrier of the cis—trans isomerization reaction of
alkenes.? More recently, a reaction scheme has been proposed
to derive DH,, in cyclic alkenes using theoretical calculations’
but which essentially consists of an alternative way of presenting
the Benson method.

When the addition of a radical to a double bond occurs, the
7 bond is destroyed. Therefore, the enthalpy of this reaction
may be used to obtain experimental DH, values for alkenes.
The method is particularly useful when the cis—trans isomer-
ization method is not accessible, as in the case of cyclic alkenes
or bicyclic alkenes such as norbornadiene.

Although the tert-butoxyl radical has a marked tendency to
abstract allylic hydrogens,® the photolysis of di-tert-butylper-
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SCHEME 1

DH°(H,C=CH,)
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DH,, DH,
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oxide in the presence of norbornadiene generates a single
product resulting from the addition of the fers-butoxyl radical
to a double bond of norbornadiene.”® This prompted us to apply
this scheme to obtain the enthalpy of addition of oxygen-
centered radicals to alkenes and to test the alternative experi-
mental method of obtaining DH.,.

Experimental Section

Materials. Benzene (Aldrich, HPLC grade, 99.94+%) was
used without further purification. Norbornadiene (Aldrich, 98%)
was fractionally distilled over activated alumina(I) under
nitrogen and used immediately. Di-fert-butylperoxide was
purified according to a literature procedure.’ ortho-Hydroxy-
benzophenone was recrystallized twice from an ethanol—water
mixture.

Photoacoustic Calorimetry. The basis of photoacoustic
calorimetry,'®!" our photoacoustic calorimeter setup,'>!* and the
experimental technique are described in detail elsewhere.!!*
Briefly, argon-purged solutions in benzene with ca. 0.4 M di-
tert-butylperoxide and 0.39 to 0.79 M of norbornadiene were
flowed through a quartz flow cell (Hellma 174-QS) and
photolyzed with pulses from a nitrogen laser (PTI PL 2300,
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SCHEME 2
t-BuOOBu- (sln) L 2 t-BuO” (sIn) (1
2 C,H, (sln) + 2 #-BuO* (sln) —— 2 "C,H,O-¢-Bu (sln) )

337.1 nm, pulse width 800 ps). The incident laser energy was
varied by using neutral density filters (ca. 5—30 uJ/pulse at the
cell). The photoacoustic signal was detected by a piezoelectric
transducer (Panametrics V101, 0.5 MHz) in contact with the
bottom of the cell, amplified (Panametrics 5662), and then
collected using a digitizing oscilloscope (Tektronix 2430A). The
signal-to-noise ratio was improved by averaging 32 acquisitions
for each data point obtained at a given laser energy. The
apparatus was calibrated by carrying out a photoacoustic run
using an optically matched solution of ortho-hydroxybenzophe-
none (in the same mixtures but without the peroxide). The
experiments were performed at 298 + 1 K.

For each run (experiment or calibration), four data points were
collected, corresponding to four different laser intensities
obtained using the neutral density filters. The resulting wave-
forms from each data point were recorded for subsequent
mathematical analysis, affording two waveforms for each point:
sample and calibration. For each laser energy, the analysis
involved first the normalization of both waveforms and then
their deconvolution using the software Sound Analysis by
Quantum Nortwest."> This procedure affords the observed
fraction of photon energy released as heat, @.ps; (related to the
enthalpy), and the lifetimes, 7; (related to the rate constant), for
each process.

Theoretical Calculations. Different theoretical methods,
including the complete basis-set composite schemes CBS-Q and
CBS-QB3!°718 were applied to determine the enthalpy of the
addition reaction of the methoxyl radical to ethylene in the gas
phase. (See eq 4, below.) Further calculations were based on a
dual (D,T) scheme to complete basis set extrapolation of
CCSD(T) energies relying on cc-pVDZ and cc-pVTZ calcula-
tions proposed by Truhlar.!°=?2 The gas-phase C—H BDEs of
norbornene were calculated using the CBS-QB3 scheme.
Initially, optimized geometries and frequencies were determined
at the B3LYP/cc-pVTZ level. The choice of this approach was
oriented by previous investigations, indicating that it is adequate
for a reliable prediction of both closed-shell and open-shell
structures.” Thermal corrections to 298.15 K were based on
B3LYP/cc-pVTZ unscaled frequencies. All of the calculations
were carried out with the Gaussian 03 program.>

Results and Discussion

The sequential reactions presented in Scheme 2 were used
in our TR-PAC experiments. The photolysis of di-tert-butylp-
eroxide in benzene solution produces a pair of tert-butoxyl
radicals (reaction 1). Each tert-butoxyl radical then reacts with
a norbornadiene (C;Hg) molecule, also present in solution
(reaction 2).

The deconvolution analysis of the photoacoustic waves
revealed the existence of three sequential steps. The first two
are consistent with the reactions presented in Scheme 2: the
lifetime of the first step corresponds to a prompt process (faster
than the transducer response), and from ¢ 1, an enthalpy value
consistent with this homolysis reaction is derived;'* from the
lifetime obtained for step 2, 75, the rate constant (k;) is estimated
to be 2 x 10° M! s7!, which is in good agreement with a
reported laser flash photolysis value for the addition of the fert-
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SCHEME 3
) E\(C-0) .
CHchzoMe » MeO* + C2H4
. ER, ERy=—DH,,
DHY(C-0)
MeO® + C,H,

butoxyl radical to norbornadiene, 3.22 x 105 M ™! s~1.7 The third
process is much slower, with 73 &~ 3 to 4 us, independent from
the concentration of norbornadiene. A possible candidate for
this unimolecular step is the norbornenyl—nortricyclyl radical
rearrangement.®

Only reaction 2 of Scheme 2 is important in the present study.
The enthalpy of this reaction was derived from eq 3, where
AgwsH, corresponds to the observed enthalpy change and is
calculated by multiplying E,,, = Nahv (the molar photon energy)
by Gobs2- P; is the quantum yield for the photolysis of di-tert-
butylperoxide.

—A, H AV.
AH = Doty AVo
rH 2 (I)r X

Because of the differences between the partial molar volumes
of the reactants and products, a correction term is needed in eq
3,% which includes the reaction volume change, AV, and the
adiabatic expansion coefficient of the solution, y, which is
considered to be equal to the solvent because the solutions are
dilute. The volume change of reaction 2 in Scheme 2 is caused
by the contraction when the adduct ‘C;HgO—#-Bu is formed from
the two reactants. The typical value for contraction due to
covalent bond formation is —10 mL mol~'.?%?’ Using our
experimental value for Ay, = 154.2 & 7.5 kJ mol™!, the
quantum yield for the photolysis of di-fert-butylperoxide in
benzene, ®, = 0.83,?8 the above estimate for the reaction volume
change, AV, = —10 mL mol~!, and the adiabatic expansion
coefficient of benzene, y = 0.799 mL kJ ™1, A, H,= —198.3 &
9.0 kJ mol™! is derived.

To understand how this A.H, value can be used to derive the
BDE of the 7z-bond in norbornadiene, we shall apply a similar
scheme in a simpler case: the addition of a methoxyl radical to
ethylene, reaction 4.

3

C,Hy(g) + MeO*(g) — "CH,CH,0Me(g) “)

Scheme 3 relates the addition reaction 4 to DH; in ethylene.
In this scheme, the term E;(C—O) is a “bond snap enthalpy”,
that is, the enthalpy associated with the bond cleavage process
where the resulting fragments retain the same structure as that
in the original molecule. As a result, we obtain the unrelaxed
methoxyl radical MeO* and the unrelaxed C,Hj (which
corresponds to the biradical H,C*—"CH,). This process is then
followed by a relaxation of the fragments to their ground states.
ER,, the enthalpy associated with the relaxation of the radical
C,HF to ethylene, can be identified as the symmetrical of the
7-BDE, that is, ER, = —DH,. Equation 5 was derived from
Scheme 3.

AH; = —DH](C—0) = —E,(C—0) + DH, — ER,
(5)
To estimate E;(C—O) let us consider Scheme 4, which

involves the cleavage of the C—O bond in C,HsOMe. It is
reasonable to assume that E£;(C—0) ~ E,(C—O) because the
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SCHEME 4

Ey(C-O
C,H;0Me A0

» MeO* + C,Hs*

ER, ER;
DH3(C-0)

MeO® + C,H?

TABLE 1: #-Bond Dissociation Enthalpy in Several
Alkenes, DH ,, Derived from Equation 8*

AHgq

alkene radical CCSD(T) CBS-Q CBS-QB3 DH,’
ethylene MeO* —83.3 —83.0 —82.3 276.3¢
t-BuO’ —78.4 —78.5 271.0¢

trans-2-butene  MeO’ —86.2 —84.3 278.5¢
cis-2-butene MeO* —88.7 —84.5 278.3¢
norbornadiene  MeO* —1349 —129.8 226.5
norbornene MeO* —111.5 244.8

“ Enthalpies of radical addition to the C=C bond, AHgy were
estimated by using different theoretical methods. All values in kJ
mol™'. ?Values calculated with the CBS-QB3 results. ¢ Obtained
using DH°(C—OR) = DH°(C,Hs—OMe) = 358.6 & 2.8 kJ mol ™.
4DH°(C—OR) = DH°(C,Hs—O--Bu) = 349.5 + 3.9 kJ mol .
¢ DH°(C—OR) = DH°(i-Pr—OMe) = 362.8 + 2.9 kJ mol .
S DH°(C—OR) = DH°(+-Bu—OMe) = 356.3 + 3.0 kJ mol™".

same type of bond is cleaved in C,HsOMe and in *C,H,OMe
radical. This assumption and Scheme 4 lead to eq 6.

E,(C—0) =~ E,(C—0) = DHY(C—0) — ER, — ER,
(6)

By replacing E{(C—O) in eq 5 and assuming that the
relaxation enthalpy of the ethyl radical is small, that is, ER; ~
0, we obtain eq 7.

AH, = DH_, — DH}(C—O0) %)

The general form of our method is given by eq 8, where
AHzq is the enthalpy of the addition of the "OR radical and
DH°(C—OR) is the C—O BDE in the corresponding ether.

DH, = AH’,, + DH’(C — OR) 8)

The CBS-Q, CBS-QB3, and CCSD(T) methods afforded the
following values for AHZy which agree within 1 kJ mol™!
(Table 1): —83.0 kJ mol™' (CBS-Q), —82.3 kJ mol~! (CBS-
QB3), and —83.0 kJ mol™! (CCSD(T)). Taking DH3(C—OR)
= DH°(C,Hs;—OMe) = 358.6 + 2.8 kJ mol! (derived from
literature data),’*~*? the 7-BDE in ethylene, DH, = 276 kJ
mol !, is obtained from eq 8. This result may be compared with
the value calculated using the method proposed by Benson,
which is simply the difference between the C—H BDE:s in ethane
and ethyl radical, DH{(C—H) and DHS(C—H), respectively
(eq 9).

DH,, = DH(C—H) — DHY(C—H) ©9)

Using literature data,*'¥*3* eq 9 leads to DH,= 274 + 2 kJ
mol~!, which is in excellent agreement with the result from the
addition method and also close to the value obtained from the
kinetics of the cis—trans isomerization in C,D,H,, DH,= 266
kJ mol~!.33% The agreement suggests that the Benson approach
and our addition reaction scheme are equivalent methods for
estimating the 7-BDE. To understand this conclusion, let us
analyze the Benson method in detail by considering Scheme 5.

Nunes et al.

SCHEME 5
E(C-H)
CHy, ——— 7 » CHY+H
ER;
DH{(C-H) N
C2H5 + H
Ey(C-H)
*
CH, + 2H
ER,=-DH,
DH{(C-H)
» CH, + 2H
+ DHY(C-H)

As explained in the previous schemes, E£(C—H) corresponds
to the C—H bond snap enthalpy in ethane, followed by the
enthalpy of relaxation of the ethyl radical, ER;. The sum of
these two steps is the C—H BDE in ethane, DH{(C—H). We
can repeat this process for the ethyl radical and cleave a C—H
bond vicinal to the radical center. In this case, the relevant
quantities are E,(C—H), yielding the unrelaxed biradical C,H},
and ER,, associated with the relaxation of this species to
ethylene. Again, the sum of E,(C—H) and ER; is the C—H BDE
in the ethyl radical, DHS(C—H). When the difference
DH{(C—H) — DH5(C—H) is calculated (Benson’s approach),
eq 10 is obtained.

DH(C—H) — DHY(C—H) = E,(C—H) — E,(C—H) +
ER, + DH, (10)

As stated before, it is reasonable to assume that E1(C—H) ~
E,(C—H) because the same type of bond is being cleaved in
ethane and in the ethyl radical. A second assumption is required
to obtain Benson’s relation (eq 9): the relaxation enthalpy of
the ethyl radical should be very small, ER; ~ 0. Recall that
similar assumptions were also made for our addition reaction
scheme. It is therefore not surprising that the two approaches
yield similar values for DH,. Furthermore, because these two
methods use different types of BDEs (C—O for the addition
method and C—H for the Benson method) to derive DH, in an
alkene, they provide a good test of the thermodynamic
consistency of the data used to calculate DH,,.

Having established the validity of the addition method for
ethylene, we now turn to the DH, value for norbornadiene,
obtained from our TR-PAC data. Equation 8 applies to this
situation, making AHzyq = AHS5/2 and DH°(C—OR) = DH°®-
(C;Hg—O-1-Bu). Although AHS is a solution value, it is
reasonable to assume that the correction due to solvation is
negligible.3¢

Because DH°(C;Hy—O-t-Bu) is not available, it must be
estimated to obtain DH, in norbornadiene. Values of DH°-
(R’—0-#-Bu) were calculated for several ethers (R” = Me, Et,
i-Pr, +-Bu) by using literature data.**~*? It could be expected
that DH°(C;Hy—O-#-Bu) would be similar to DH°(i-Pr—O-t-
Bu) because the C—O bond involves a secondary carbon atom
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Figure 1. R’-OR bond dissociation enthalpies, DH°(R’—OR), for OR
= OMe and O-7-Bu versus the electronegativity of R” (Me, Et, i-Pr,
-Bu), yg-

in both cases. To test this hypothesis, the enthalpies of the
addition reactions of +-BuO" to ethylene and MeO" to cis- and
trans-2-butene were calculated with the CBS-QB3 composite
scheme. By applying the appropriate DH°(C—OR) value in eq
8, viz. DH°(C,Hs—O-t-Bu) = 349.5 % 3.9 kJ mol™! for the
t-BuO" addition to ethylene and DH°(i-Pr—OMe) = 362.8 £+
2.9 kJ mol™! in the case of the cis- or trans-2-butene, we derived
DH,, values that are in good agreement with each other (Table
1), indicating that the addition method is valid as long as the
correct value for DH°(C—OR) is chosen.

The estimate of DH°(C,Hy—O-t-Bu) is, however, more
complex. Data reported by Zavitsas et al. indicate that
DH°(R’—OR) correlates linearly with Pauling electronegativity
of R” (yg) for a given R, in the absence of effects such as steric
crowding, conjugation, or resonance.’’ Figure 1 shows the plot
of DH°(R’—0-t-Bu) and DH°(R’—OMe) values against yg.>’
and it is noted that the value of DH°(R’—O-z-Bu) for R” = -Bu
clearly deviates from the trend defined by R” = Me, Et, and
i-Pr. Indeed, using this trend, we would predict that
DH®(+-Bu—0--Bu) should be some 40 kJ mol~! higher than
the experimental value (327.9 & 3.6 kJ mol™!). That extrapolated
value for DH°(-Bu—O-#-Bu) should reflect the inherent bonding
ability between the two groups, free from steric crowding.’” We
shall assume that this steric effect is identical in -Bu—O-z-Bu
and C;Hy—O-7-Bu. Using this assumption together with our
experimental value of A;H3q = (—198.3 4= 9.0)/2 kJ mol™!, eq
8 yields DH,, = 229 + 6 kJ mol™! in norbornadiene.

The addition reactions of the methoxyl radical to norborna-
diene and norbornene are also presented in Table 1. As can be
observed, the DH, value derived for norbornadiene is in
excellent agreement with our TR-PAC value (229 % 6 kJ mol™").
This supports the discussion regarding the choice of DH®
(C;Hy—O-1-Bu); that is, the correct value for the C—O BDE
must be estimated by considering not only the type of carbon
(secondary or tertiary) but also the steric effect of R on the
t-BuO—R BDE. The DH,, value in norbornene is ~18 kJ mol™!
higher than the corresponding value in norbornadiene, indicating
that the sr-bond in the latter molecule is weaker than that in
norbornene. This was a surprising result because the carbon—carbon
double bond distances in these two molecules are similar (132.9
pm in norbornadiene and 133.4 pm in norbornene, obtained
using B3LYP/cc-pVTZ optimized geometries). The Benson
method (eq 9) can be applied to these two molecules using
DH$(C—H) = 413 4+ 4 kJ mol™! for norbornane® and
DH{(C—H) = 415 4 4 kJ mol™! for norbornene (obtained by
CBS-QB3 calculations) and auxiliary thermochemical data from
the literature.’!** Using this method, we obtain DH,, = 253
=+ 8 kJ mol™! for norbornene and DH,, = 231 £ 7 kI mol™! for
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norbornadiene (Table 2). Therefore, the Benson method also
predicts that the z-bond in norbornene should be the strongest
(a 21 kJ mol™! difference is calculated).

One way to rationalize the DH,, difference in norbornadiene
and norbornene is to consider the strain in both molecules. The
strain of a molecule can be quantified by the value of its strain
energy (Ey,), calculated as the difference between its enthalpy
of formation and the enthalpy of formation of a hypothetical
strain-free reference molecule (indicated by an asterisk).*#!
Equation 11 illustrates this for the case of an alkene.

E,, = AH (alkene, g) — AH (alkene*, g) (11)

A¢H°(alkene*, g) can be obtained by applying the extended
Laidler terms tabulated by Leal.* The data used for determining
E: and the DH,, for several alkenes are presented in Table 2.

The plot of DH,, versus the Eg, values from Table 2, presented
in Figure 2, suggests that there is some influence of strain in
the 7z-bond dissociation enthalpy. This may explain the differ-
ence in the DH, values for norbornene and norbornadiene. It is
also interesting to note that cyclobutene and cyclopropene are
clear exceptions from the plot. These two molecules show a
different behavior because in the case of cyclopropene, the
molecule has a high strain enthalpy due to a significant angular
strain, whereas cyclobutene has an unexpectedly strong s7-bond
dissociation enthalpy, in keeping with its lower strain enthalpy.’

The model proposed in this work to estimate DH,, of a double
bond involves the relation of this parameter to the enthalpy of
the addition reaction of fert-butoxyl to that bond, cf. eq 8.
Therefore, DH, provides a quantitative way to discuss the
reactivity of alkenes, namely, addition versus abstraction
reactions. As stated in the Introduction, the fert-butoxyl radical
favors the allylic abstraction reactions in alkenes when several
types of C—H bonds are present. (See Figure 3.)®’ However,
the reactivity of +~-BuO’ toward norbornene or norbornadiene is
completely different because the only observed product is the
adduct resulting from its addition to a double bond in these
alkenes.” Using the values obtained in the present work, we
can discuss the thermodynamics of those two competing
reactions and try to understand this drastic change of reactivity.
The results are displayed in Table 3.

The enthalpies of the abstraction reactions, AHgu, were
obtained with eq 12.

AH’, = DH(C—H) — DH°(-BuO—H)  (12)

The allylic C—H BDE, DH°(C—H), was calculated by the
CBS-QB3 method for norbornene to be DH°(C1—H) = 453.5
+ 4.0 kJ mol™'. Because this value is very similar to the C1—H
BDE in norbornane (449 & 4 kJ mol™"),? it was also assigned
to the C1—H BDE in norbornadiene. In the other cyclic alkenes
(Table 3), the allylic C—H BDEs were obtained from previous
work.*! The value for the O—H BDE in fert-butanol was taken
to be DH°(t-BuO—H) = 444.9 £ 2.8 kJ mol~1.#

In the abstraction reaction, two reacting molecules
yield two product molecules, being reasonable to assume that
ASavse & 0. Therefore, the standard Gibbs energy of the
abstraction reaction is identified with the reaction enthalpy,
Ar(;gbst ~ ArI—Igbst-

The enthalpies of the addition reaction were derived from eq
8, using the DH,, values calculated with the Benson method
(Table 2) together with DH°(C—O-t-Bu) = 327.9 £ 3.6 kI
mol~! for the addition of -BuO" to norbornene and norborna-
diene or DH°(C—O-t-Bu) = 362.3 4+ 4.5 kJ mol™! for the
addition to other cycloalkenes (Table 1). Using literature data*
and model reactions*® (Scheme 6), we estimated —TAS%q A



6528 J. Phys. Chem. A, Vol. 113, No. 23, 2009

TABLE 2: Auxiliary Data Used to Determine Ey,. and DH, for Several Alkenes”

Nunes et al.

alkene DH{(C—H) DHS(C—H) A¢HC(alkane, g) A¢HC(alkene, g)” A¢H°(alkene*, g) Ey° DH.,
ethylene 423.0£1.7¢ 1493 +1.7 —83.8+0.3 52.5+0.3 52.5 0.0 2737424
norbornene 413.4 £+ 4.0¢ 160.4 + 6.4 —54.8 +4.6 82.6 £2.1 4.8 77.8  252.6 £7.6
norbornadiene 414.6 + 4.0¢ 183.7+5.3 82.6 +2.1 2453 £2.7 117.6 1277 2313+ 6.6
cyclopentene 403.0 £ 4.0 1434 +43 —=76.4 + 0.7 340+ 14 11.1 229 259.6+59
cyclohexene 414.6 £ 4.0 139.8 £ 4.1 —123.3£0.8 —4940.6 -9.7 48 2748 +£5.7
1,3-cyclopentadiene ~ 404.8 £ 4.0" 131.54+45 3404 1.4 1343 £ 1.5 109.3 250 2733+6.0
1,4-cyclohexadiene 413.9 £ 4.0 131.8 £ 4.1 —494+0.6' 104.8 £ 0.6/ 105.0 —02 282.1+57
1,3-cyclohexadiene 413.9 £ 4.0 131.6 4.1 —494+0.6' 104.6 & 0.6/ 88.6 16.0 2823 +5.7
cyclobutene 418.8 £ 4.0/ 1462 + 4.4 277+ 1.1 156.7 £ 1.5 31.8 1249  272.6 £6.0
cyclopropene 4556 £ 4.0/ 204.2 +4.7 53.3+0.5 277.1 £2.5 52.5 2246  251.5+6.2

“DH?(C—H) is the C—H BDE in the corresponding alkane, DH3(C—H) is the C—H BDE in the corresponding radical obtained from
auxiliary data (see note 34), AgH°(alkane, g) is the enthalpy of formation of the alkane, AiH°(alkene, g) is the enthalpy of formation of the
alkene, A¢H®(alkene*, g) is the enthalpy of formation of a strain-free reference alkene (obtained using the Laidler terms in ref 42), E, is the
strain enthalpy obtained through eq 11, and DH;, is the zz-bond dissociation enthalpy calculated using the Benson method, eq 9. All values in kJ
mol~!. ® Ref 31 unless stated otherwise. ¢ See ref 41. These values can also be compared with data reported by Rogers, D. W.; et al. J. Phys.

Chem. A 2008, 112, 5734—5741 and references therein (values in kJ mol™!): Eg(cyclopentene) =

25, Eg(cyclohexene) = 6.3,

Eq.(1,4-cyclohexadiene) = 4.2 £+ 2.9, Ey(norbornene) = 85.4, E(norbornadiene) = 129. Following the procedures outlined in the same
reference, one can calculate Ey(cyclobutene) = 125.5 and E,(cyclopropene) = 225. ¢ Ref 33. ¢ Ref 38. / Selected from ref 39. ¢ Calculated by

CBS-QB3. "Ref 41. " In this case, “alkane” corresponds to alkene and “alkene” to diene. / Ref 43.
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Figure 2. Plot of the z-bond dissociation enthalpy, DH, versus the
strain enthalpy, Eg,. Data from Table 2.

norbornadiene

norbornane norbornene

Figure 3. Norbornane, norbornene, and norbornadiene structures
showing carbon atom numbering.

55 kJ mol™! (T = 298.15 K) for the addition of a fert-butoxyl
radical to a double bond.

As observed in Table 3, the abstraction reactions of the allylic
hydrogens from norbornene and norbornadiene are thermody-
namically unfavorable, whereas the addition reactions are
exergonic. This is a direct result of very high allylic C—H BDEs
and low m-BDEs in these molecules. However, the most
probable site for abstraction in norbornene will be at the C5
rather than at C1. Because DH°(C5—H) = 413.4 £ 4.0 kJ mol™!
is lower than DH°(C1—H), AHy, becomes exothermic (—32
=+ 5 kJ mol ™), and the addition and abstraction reactions now
have similar A,G° values within the experimental uncertainties.
The addition reaction must be kinetically more favorable,
because it is the only one observed. This is in keeping with the
rate constants of the reaction of zerz-butoxyl radical with these
molecules. In the case of norbornadiene, where only addition
should be observed, the rate constant is kyq = 3.2 x 10° M™!
s~'. For norbornene, the same rate constant is k,qq = 1.1 x 10°

TABLE 3: Thermochemical Data for the Abstraction and
Addition Reactions of fert-Butoxyl Radical with Cyclic
Alkenes”

alkene DH°®(C1—H) AHzost AHzua AGiaa
norbornene 453.5 £4.0° 86+49 —753+84 —203+93
norbornadiene 453.5 +4.0¢ 8.6+49 —-96.6+75 —41.6+85
cyclopentene 358.7 £4.0° —862+49 —102.7+74 —47.7+84
cyclohexene 3579 +£4.0° —87.0+£49 —875+73 —325+£83
1,3- 3550+ 80" —89.94+85 —89.0+75 —340+85

cyclopentadiene

@ DH°(C1—H) are allylic C1—H BDEs. All values in kJ mol™".
b AGy ~ AHS (see text). Refers to the abstraction reaction from
C1. ¢ This work, calculated by CBS-QB3. ¢ Assumed to be equal to
DH°(C1—H) in norbornene. ¢ Ref 41. /Ref 13.

SCHEME 6
R R R R'
;:{LL + t+-BuOH ——>

H O-+-Bu

M~ s7!, whereas the abstraction reaction (from C2 or C5) in
norbornane has kg = 5.8 x 10° M~! s71.7 Because DH°(C2—H)
in norbornane®® is similar to DH°(C5—H) in norbornene, it is
expected that the abstraction reaction of C5—H in norbornene
should have a rate constant kg &~ 10° M~! s71. Although the
kinetic data were obtained in benzene solution, a similar trend
can be expected for the gas phase.

In the other cyclic alkenes (Table 3), viz. cyclopentene,
cyclohexene, and 1,3-cyclopentadiene, we can conclude that the
abstraction reactions will be the thermodynamically preferred
pathway for the fert-butoxyl radical. Although in some cases
the enthalpies of the abstraction and addition reactions are very
similar, the entropic factor raises the standard Gibbs energy of
the addition reactions, making them less exergonic. Previous
studies of the reactions of the fert-butoxyl radical with cyclo-
pentene, 1,3-cyclopentadiene,’ and cyclohexene*” support these
conclusions.

Conclusions

A new way to evaluate the ;r-bond dissociation enthalpy of
a double bond (DH,), relying on the enthalpy of addition of a
radical to that bond, leads to results that are in very good
agreement with those obtained from an early procedure proposed
by Benson and also with the so-called cis—trans isomerization
reaction method. The addition approach is particularly useful
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in cases where the latter method cannot be applied to calculate
DH,, for example, cyclic alkenes. As shown in the discussion,
the addition and the Benson methods are based on similar
assumptions. However, special attention should be paid to
choosing a suitable DH°(C—OR) for the addition model
(required to derive DH). It was also noted that there is some
dependence between DH,; and the strain of the alkene.

The relationship between the enthalpy of addition of tert-
butoxyl to a double bond and its z-bond enthalpy prompted us
to analyze the thermochemistry of the reactions of the tert-
butoxyl radical toward cyclic alkenes. The preference for the
addition reaction of the tert-butoxyl radical to norbornene and
norbornadiene versus H-abstraction reaction was rationalized
considering the low DH, values and the abnormally strong
“allylic” C—H BDE in these molecules (as a result of a highly
strained geometry). In other cyclic alkenes, we have shown that
the entropic factor disfavors the addition reaction versus the
C—H allylic abstraction.

Note Added in Proof. As pointed out by a reviewer, the
7-BDE values can also be obtained from available literature
values of enthalpies of formation and of hydrogenation. For
instance, the w-bond strength in (E)-2-butene gives the value
for an unstrained 1,2-disubstituted alkene. It can be obtained
by eq 9: DH, = DH{(C—H) — DH5(C—H), where DH(C—H)
refers to the secondary C—H BDE in butane and DH5(C—H)
refers to the CH;C'HCH(CH;3)—H BDE. Using DH{(C—H) =
410.9 4= 2.1 kI mol™! * and DHS(C—H) = 139.4 & 2.4 kJ mol™!
(derived using the enthalpies of formation of butane and (E)-
2-butene given by Pedley),>' we obtain DH,, = 271.5 kJ mol~!.3°
Using the same values from Pedley’s compilation, we calculated
the enthalpy of hydrogenation, AHyy, of (E)-2-butene to be
—114.3 kJ mol™!. Now, the enthalpies of formation of norbor-
nane and norbornene, —54.8 4+ 4.6 kJ mol™! and 82.6 + 2.1 kJ
mol !, respectively,**? lead to AHpya(norbornene) = —137.4
kJ mol ™!, that is 23.1 kJ mol~! more exothermic than that of
the unstrained (E)-2-butene. Therefore the 7-BDE of norbornene
is estimated to be 271.5 — 23.1 = 248.4 kJ mol~', which is
rather close to the values displayed in Tables 1 and 2, 244.8
and 252.6 kJ mol~!, respectively. A similar exercise for the
hydrogenation of one double bond in norbornadiene leads to
an enthalpy of hydrogenation of —162.7 kJ mol~! and to DH,,=
223.1 kJ mol ™, also close to the values in Tables 1 and 2, 226.5
and 231.3, respectively. This alternative method, suggested by
the reviewer, not only confirms the DH, values obtained by
the two methods discussed above, but also implicitly assumes
that there is a strong influence of strain in the 7-BDE of cyclic
hydrocarbons.
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