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a b s t r a c t

Heats of formation have been derived from G3(MP2)//B3LYP and G3MP2B3(þ) atomization energies for
tert-butyl radical (6R), cubyl radical, bicyclooctyl radical (1R), and tricyclo[3.3.n.03,7]alk-3(7)-yl (n¼0–3,
2R–5R) radicals, and their respective anions (1A–6A) and hydrocarbons (1H–6H). The electron affinity
(EA) of 6R is estimated at 1.5�2 kcal/mol and tert-butyl anion (6A) is likely to be bound. In the homo-
logous series 2R–5R the EAs range from 3.4�2 to 13.5�2 kcal/mol. The computed enthalpies of the
acidities of the tricyclic hydrocarbons 1H–5H are in the range 407–411 kcal/mol. Their C–H bond dis-
sociation energies (BDEs) are in the range 97–110 kcal/mol. The increase of the BDEs in the homologous
series 2H–5H and the increase of EAs of 2A–5A is attributed to the enhanced pyramidalization induced in
radicals 2R–5R by the shortening of the methylene chain connecting carbons C3 and C7.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Calculations and experiments have shown that the methyl
radical has a small electron affinity (1.8 kcal/mol),1–3 In contrast,
experimental data4 suggest that other simple anions like ethyl,
isopropyl, and tert-butyl anions are unstable toward loss of an
electron, in agreement with published theoretical predictions.5 On
the other hand, sp2 and sp-centered radicals have positive electron
affinities. For example, the electron affinities of vinyl and ethynyl
are 16.13 and 67.5 kcal/mol,6 respectively. This can be attributed to
the relatively high s character of the orbital that stabilizes the extra
electron. Presumably for the same reason highly pyramidal radicals
also have relatively high electron affinities. For example, the ex-
perimental electron affinity of the cubyl radical is 11.5�2 kcal/mol,7

while that of 4-nortricylyl is computed to be about 4 kcal/mol
higher.8 A detailed computational study of various radicals con-
cluded that ‘the electron affinities of several secondary systems are
clearly influenced by hybridization changes induced by bond angle
compression, but not in a simple fashion’.8

Usually the electron affinities of alkyl radicals are derived from
the gas-phase acidities of their corresponding hydrocarbons.
Measuring the acidity of extremely weak acids is experimentally
very challenging4,9 and this is an area where computational studies
can be of use.3,5,8,10

In this paper we examine computationally a homologous series
of tricyclic pyramidal radicals (2R–5R), which are formally derived
All rights reserved.
from 1R (bicyclo[3.3.0]octyl radical) by connecting carbons 3 and 7
with a methylene bridge ((CH2)n, n¼0–3). Derivatives of radicals
2R–5R and their corresponding anions (2A–5A, respectively), are
plausible intermediates in the generation of pyramidalized alkenes
2E–5E, and therefore useful in understanding the mechanism for
the formation of the latter.11 Due to our interest in this class of al-
kenes12 we examine at high levels of theory the electron affinities
of radicals 2R–5R, the acidities of 2H–5H (to form anions 2A–5A,
respectively) and the C–H bond dissociation energies (BDEs) of 2H–
5H to form radicals 2R–5R, respectively. The EA of the prototypical
tertiary radical t-Bu (6R) is also examined.
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2. Methodology

Calculations were carried out with the Gaussian 0313 suite of
programs and PQS software.14 Structures were optimized at the
B3LYP15 level of theory with the 6-31G(d) and 6-31þG(d) basis
sets.16 Stationary points were characterized by vibrational analyses.
G3(MP2)//B3LYP (G3MP2B3 for short) energies17 were calculated
and were converted to heats of formation using published pro-
cedures.18 In addition, G3MP2B3(þ) energies were obtained by
carrying out the single-point calculations of G3MP2B3 at the
B3LYP/6-31þG(d) optimized geometry and using the same HLC
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Table 1
G3MP2B3(þ) energies (E, a.u.) at 0 at 298 K and derived heats of formation at 298 K
(DHf 298, kcal/mol)

E (0 K) E (298 K) DHf 298

1A �312.0427 �312.0347 20.1
1R �312.0392 �312.0311 22.4
1H �312.6925 �312.6845 �22.0
2A �428.5595 �428.5498 20.1
2R �428.5512 �428.5416 25.2
2H �429.2060 �429.1963 �19.9
3A �389.3284 �389.3199 22.0
3R �389.3177 �389.3092 28.7
3H �389.9790 �389.9705 �20.6
4A �350.0914 �350.0842 27.5
4R �350.0779 �350.0708 35.9
4H �350.7443 �350.7372 �16.6
5A �310.8143 �310.8071 59.0
5R �310.7900 �310.7829 74.2
5H �311.4640 �311.4578 16.4
Cubyl anion �308.2830 �308.2774 183.5
Cubyl radical �308.2613 �308.2559 197.0
Cubane �308.9278 �308.9223 144.5
tert-Butyl anion (6A) �157.4810 �157.4745 9.9
tert-Butyl radical (6R) �157.4768 �157.4695 13.1
Isobutane (6H) �158.1306 �158.1240 �31.9
CH3� �39.7618 �39.7580 32.4
CH3

� �39.7589 �39.7549 34.4
Methane �40.4243 �40.4205 �17.6
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Figure 1. Thermocycle relating the BDE(R–H) with DHacid(RH) and EA(R).
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factors and ZPE corrections as in the standard G3MP2B3 method
(Table 1). Temperature corrections for quantities at 298 K were
based on the B3LYP/6-31G(d) frequencies scaled by 0.9989.19 The
pyramidalization angle f11a is defined as the angle formed by the
extension of the C5C1 bond and the plane defined by the centers C1,
C2, and C8 (Scheme 1) can be taken as a measure of the degree of
pyramidalization. For a perfectly tetrahedral radical f¼54.8�, and
for a planar one f¼0�. Natural bond orbital analysis20 was carried
out to determine hybridization of orbitals (Table 2).
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Scheme 1. Definition of pyramidalization angle 4 in tricyclic systems 2–5 and 6.
3. Results and discussion

The electron affinity of an alkyl radical R (EA(R), Eq. 2) can be
derived from the gas-phase acidity of the corresponding alkane R–
H (DHacid(R–H), Eq. 4) in conjunction with the R–H bond dissocia-
tion energy (BDE(R–H)) (Eq. 1) and the ionization potential of the
hydrogen atom (IP(H), Eq. 3) as indicated by the thermocycle of
Figure 1 and expressed in Eq. 5.21
Table 2
Pyramidalization angles (4, �) and %s character for radicals 1R–5R, their corre-
sponding anions 1A–5A and hydrocarbons 1H–5Ha

R 4 (�) %sb R� 4 (�) %sb R–H %sc

1R 30.7 4.0 1A 54.9 14.0 1H 23.1
2R 42.2 6.9 2A 54.0 9.3 2H 23.7
3R 51.0 10.9 3A 62.9 14.8 3H 24.7
4R 58.2 15.2 4A 69.0 20.2 4H 26.1
5R 65.2 20.7 5A 75.1 28.4 5H 28.0

a Computed at the B3LYP/6-31þG(d) level of theory.
b Referring to the orbital containing the odd electron or electron pair, and which is

largely localized on C1.
c Referring to the orbital of the tertiary carbon forming the C1–H bond (Scheme 1).
R—H/R�
DH�BDEðR—HÞ (1)

RL/R�DeLEAðRÞ (2)

H�/HDDeLIPðHÞ (3)
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The electron affinity of the methyl radical was determined di-
rectly1,3 with photoelectron spectroscopy at 1.8�0.7 kcal/mol.
Based on the thermocycle of Figure 1, this corresponds to DHacid

(CH4)¼416.7�0.7 kcal/mol.3 Usually, the electron affinities (EAs) of
alkyl radicals are derived from gas-phase acidities with the help of
Eq. 5.2,9,23 In the cases studied by Squires carbanions are generated
from the corresponding carboxylates and the assumption is made
that the enthalpy of the decarboxylation reaction to produce the
anion is equal to the threshold energy for appearance of the anion.9

This appears to be a valid approximation, since in many cases the
reverse reaction (the addition of a carbanion to CO2) is believed to
proceed essentially without barrier. However, with this technique,
gas-phase anions with negative EAs (unbound with respect to the
loss of an electron) cannot be formed. Such anions can be studied
indirectly using kinetic methods22–24 where product ratios from
competing decompositions of a common intermediate are related
to relative acidities.

DePuy has developed a kinetic method for determining the
relative acidities of hydrocarbons based on the gas-phase reaction
of alkyltrimethylsilanes with hydroxide anion.4,23 The method has
been applied to several hydrocarbons with acidities varying from
400.7 kcal/mol (benzene) to 420.1 kcal/mol (ethane). The method is
useful in estimating electron affinities of small alkyl radical, which
have non-bound anions. Using this method, the gas-phase acidity
of isobutane was estimated at 413.1 kcal/mol and the electron af-
finity of tert-butyl radical was derived as �5.9 kcal/mol.4 Early
computational results at the SCF level of theory estimated that the
electron affinity of 6R is smaller than the EA of the methyl radical by
11.4 kcal/mol leading to the prediction EA(6R)¼�9.6 kcal/mol.5

More recent computational data gave conflicting results. Both MP2
and B3LYP levels of theory (with the 6-31þG(d,p) basis set) predict
that the difference of electron affinities between 6R and methyl
radical is much smaller (1.2 and �4.5 kcal/mol, respectively) but in
different directions, with B3LYP predicting that tert-butyl anion
(6A) is not bound, and MP2 finding that it is slightly more bound
than the methyl anion.8 In light of the experimental data available
at the time, it was noted that the performance of the MP2 method is
inferior to that of DFT.8 Increasing the basis set of B3LYP increases
the EA of 6A, but it still remains negative and smaller than that of
methyl radical by at least 3 kcal/mol.8,25



Table 3
G3MP2B3(þ) thermodynamic data at 298 K

R EA(R�)a BDE(R–H) DHacid(RH)

1R 2.3 96.4 409.3
2R 5.1 97.2 407.2
3R 6.7 101.3 409.8
4R 8.4 104.5 411.3
5R 15.2 109.9 409.8
6R (tert-Butyl radical) 3.2b 97.1 409.1
Cubyl radical 13.5 104.5 406.2
CH3

� c 2.0 104.0 417.2

a EAs of tertiary radicals are likely to be overestimated by about 1.7 kcal/mol,
based on the discussion of EA(6R) in the text.

b Best estimate is 1.5�2 kcal/mol (see text).
c Experimental values for EA(CH3

� ), BDE(CH4), and DHacid(CH4) are 1.8�0.7,
104.9�0.1, and 416.7�0.7 kcal/mol, respectively.1,3,21
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The theoretically derived heat of formation for 6A using the
atomization method38 is 9.9 kcal/mol when derived from the
G3MP2B3(þ) total energy.26,27 Both G3MP2B3 and G3MP2B3(þ)
reproduce the known heat of formation of isobutane of �32.1 kcal/
mol within 0.1 kcal/mol.28 The heat of formation of 6R has been
reassessed recently at 12.8 kcal/mol.29 This value assumed that the
DHf 298 of the methyl radical is 35.6 kcal/mol. If the NIST recom-
mended value of 35.1 kcal/mol for the methyl radical is used28 then
DHf 298(6R)¼13.3 kcal/mol in excellent agreement with our com-
puted value of 13.1 kcal/mol. This value is also in excellent agree-
ment with the previous one computed by Radom and Smith
(13.6 kcal/mol),30 and is somewhat higher from the previous ex-
perimental data.31

With the above-mentioned experimental values for the heats of
formation of isobutane and 6R, the BDE of the 3� C–H bond of
isobutane comes out as 97.5 kcal/mol, which is 1 kcal/mol higher
than the recommendation.21 A value of 96.5–97.5 kcal/mol for this
BDE is between 2.9 and 3.9 kcal/mol higher than the one used to
derive the experimental electron affinity of 6R.4 If this is taken into
account, then Depuys’ gas-phase data lead to EA(6R)¼�2.0 to
�3.0 kcal/mol. This revised value is still lower than the electron
affinity of the methyl radical, but in better agreement with the
computational data.8

At the G3MP2B3(þ) level of theory, the EAs of methyl radical
and 6R are 2.0 and 3.2 kcal/mol, respectively (Table 3).32 The former
is just 0.2 kcal/mol above the experimental value. If this minor
correction is taken into account, EA of 6R is 3.0 kcal/mol, resulting
in a bound anion. It is noteworthy that the computed difference of
1.2 kcal/mol between the EAs of methyl and tert-butyl radicals is
almost entirely due to the zero-point energy (ZPE) corrections. If
these are ignored the EA of 6R is computed to be slightly smaller
(by almost 0.1 kcal/mol) than that of the methyl radical.33

The G3MP2B3(þ) acidity of methane (at 298 K) is 417.2 kcal/
mol. At this level of theory the heat of formation of the proton is
overestimated by 1.5 kcal/mol. If this correction is taken into ac-
count then the acidity of methane is predicted to be 415.7 kcal/mol.
In both cases there is excellent agreement with the experimentally
derived value of 416.7�0.7 kcal/mol.1 At the same level of theory
DHacid(isobutane) is 8.1 kcal/mol lower than DHacid(CH4).34 This is
in disagreement with the gas-phase data,4 which find the acidity of
isobutane 3.5 kcal/mol lower than that of methane. The difference
persists even at the CCSD(T)/aug-pvqzþZPE level of theory where
DHacid(isobutane) is 6.1 kcal/mol lower than DHacid(CH4). This dif-
ference of 2.6–4.6 kcal/mol between theory and experiment re-
garding DHacid(isobutane) is the origin of the discrepancy between
the theoretically and experimentally4 derived EA(6R). The reason
for the disagreement is not clear yet, but steric effects could be
important.24,36,37

In this context it is interesting to note that the acidity of cubane
has been determined in two ways: (a) by DePuys’ kinetic method of
reacting (trimethylsilyl)cubane with hydroxide and estimating the
relative acidities of methane and cubane7 and (b) by using DePuys’
desilylation reaction41 to generate the cubyl anion from the gas-
phase reaction of (trimethylsilyl)cubane with fluoride and sub-
sequently measuring its proton affinity.7 The acidity derived from
the former method is 7 kcal/mol higher than our computed value of
406.2 kcal/mol, which is within the experimental error of the latter
method (404�3 kcal/mol).

One may have expected that with an EA of 3.0 kcal/mol, the tert-
butyl anion would have been detected in the gas-phase experiments
of Squires.9a,b However, Squires estimated that the EA of a radical
should be at least w2 kcal/mol9b and have a life time of at least
w2 ms in order to be detectable under his experimental conditions.
The value of 3.0 kcal/mol is not far off from the limit of 2 kcal/mol
suggested by Squires, but at the same time the negative experi-
mental result indicates that G3MP2B3(þ) may be overestimating
slightly the EA of 6R and related radicals. Partial support for this
overestimation is provided by the finding that the G3MP2B3(þ) EA
of cubyl radical (see below), although within the experimental error
of �2 kcal/mol, is 2 kcal/mol higher than the experimental value.7

An alternative way to estimate EA(6R) is based on Eq. 5 using
a mixture of experimental and computational data. If the computed
difference in acidities between methane and isobutane are used in
conjunction with the experimental acidity of methane, DHacid(iso-
butane) should be in the range of 408.6–410.6 kcal/mol. If the BDE
of the 3� C–H bond of isobutane is taken as 97.0�0.5 kcal/mol,
EA(6R) is in the range of �0.5 to 2.5 kcal/mol.

Given the experimental and theoretical uncertainties our best
theoretical estimate for EA(6R) as a subjective average of the
quantities discussed above is 1.5�2 kcal/mol.

The homologous series of tricyclic radicals 2R–5R is tertiary
radicals with various degrees of pyramidalization. As the length n of
the methylene chain connecting carbons C3 and C7 becomes
shorter, f increases in a nearly linear fashion. In the parent radical
1R, f is considerably smaller (30.7�) and reflects the tendency of
radicals for planar geometries. By comparison f of tert-butyl radical
is 19.9� implying that the five-membered rings of 1R cause some
geometrical strain at the radical center. According to the NBO
analysis the %s character of the orbital containing the odd electron
increases as pyramidalization of the radical center increases in the
series 1R–5R (Table 2).38

The pyramidalization angle of the parent anion 1A is signifi-
cantly larger than 1R and similar to that of tert-butyl anion (55.9�),
in agreement with the preference of anions for pyramidal geome-
tries. For the homologous anions 2A–5A, f is around 10� larger than
of the corresponding radical. Interestingly, the pyramidalizations
angles f of 1A and 2A are almost the same, and actually the former
is slightly larger.39

The G3MP2B3(þ) electron affinity of the parent radical 1R is
computed to be 1 kcal/mol less than that of tert-butyl radical (6R).
With EA(6R)¼1.5�2 kcal/mol, if 1A is indeed bound its detection in
the gas-phase is not expected to be easy. In contrast, the EAs of the
pyramidal radicals 2R–5R are likely to be measurable. The least
pyramidal of them (2R) is estimated to have an EA of 3.4�2 kcal/
mol. The computed EA increases with pyramidalization reaching
13.5�2 kcal/mol for the most pyramidal one in this series (5R).

The increased EA can be attributed to the increased %s character
of the anion as the pyramidalization angle f increases. It can also be
linked to the strain induced by the pyramidalization. Figure 2
shows how the electronic energies of 6R and 6A depend on f. In
both cases, for angles higher than the corresponding equilibrium
value of f, the curves are to a good approximation parabolic. The
cross-over point occurs at about 40�. Below this point the radical is
expected to be less strained than its anion (if both have the same
pyramidalization angle). If the EAs of radicals 1R–5R were ap-
proximated as the difference in pyramidalization strain between
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the radical and its anion the estimated EAs (based on the data of
Fig. 2) would be 0.5, 2.7, 5.3, 7.7, and 10.3 kcal/mol, respectively.
These are in reasonable agreement with those of Table 3, suggest-
ing that the pyramidalization strain induced by the methylene
bridge on the radical center affects its EA.40

The computed EA of radical 5R is remarkable and is almost
2 kcal/mol higher than that estimated for the cubyl radical
(11.8�2 kcal/mol). The cubyl anion has been generated in the gas-
phase and its EA determined at 11.5�2 kcal/mol.7 This strongly
suggests that anions 2A–5A can also be generated in the gas phase.
Given that compounds like 7, n¼2,3 and 8, n¼0,1 are known and
have been used for the generation of pyramidalized alkenes 2E–5E
[11] silanes 9, n¼0–3 should be synthetically accessible and the
previous prediction can be tested experimentally. These silanes are
expected to react in the gas-phase with fluoride to form the bound
anions 2A–5A, whose proton affinity can then be determined with
bracketing experiments. In addition the gas-phase reaction of these
homologous series of silanes with hydroxide can shed light into the
factors that are responsible for the shortcomings of this kinetic
method in determining acidities of bulky alkyl groups.6,25,41

(CH2)n

7

MsO OMs

(CH2)n

 9: n=1
10: n=0

I I

(CH2)n

SiMe3
8 9

The 3� C–H BDEs of hydrocarbons 1H–5H to form radicals 1R–5R,
respectively, increase from 96.5 to a remarkable 109.9 kcal/mol. This
increase can be attributed to the formation of a more pyramidalized
radical and perhaps to a stronger C–H due its higher %s character
(Table 2). It is interesting that the 3� C–H BDE of 5H is predicted to be
around 5 kcal/mol stronger than that of cubane, which has been
derived experimentally at 102�4 kcal/mol,7 with previous calcula-
tions supporting the high end of the range.6,42 The formally sp3 C–H
bond of 5H is essentially as strong as the sp2 C–H of ethylene.

The increase of C–H BDEs in the homologous series 2H–5H may
provide an explanation as to why room temperature reduction with
sodium amalgam is possible for 7, n¼2,3 (and gives the corre-
sponding pyramidalized alkenes 3E and 2E, respectively), but not
for 7, n¼0,1 (to form 5E and 4E, respectively), even when the mesyl
group (CH3SO2) is replaced by the trifyl (CF3SO2).43 On the other
hand the diiodides 8, n¼0,1 are easily reduced at room temperature
under the same conditions. Since the mesyl anion is known to be
several orders of magnitude better leaving group than iodide, one
may have expected that successful reduction of the diiodides 8,
n¼0,1 would imply the easy reduction of the corresponding
dimesylates (7, n¼0,1). To the extent that C–O BDEs correlate with
C–H BDEs, the C–O BDEs in the homologous series 7, are expected to
increase as n decreases. Apparently, for n smaller than two, the C–O
bond is strong enough to resist the reduction at room temperature.
Reduction of the diiodides 8, n¼0,1 can then be attributed to the
intrinsically weaker C–I bond as compared to a C–O bond.

The computed acidity (DHacid) of hydrocarbons 1H–5H ranges
from 407 to 411 kcal/mol and does not seem to follow some specific
pattern, despite the small but systematic increase of the %s char-
acter of the C–H bond in this homologous series. The lack of a good
correlation between acidity and %s was noted previously by Sauers8

for a variety of hydrocarbons. If Eq. 5 is re-written so as to express
DHacid in terms of the other quantities, it is seen that the acidity
depends on the difference between the C–H BDE and the EA of the
resulting radical. Since pyramidalization causes both quantities to
increase, their difference tends to cancel out resulting in a much
narrower range of acidities.

In conclusion, high level calculations predict that the tert-butyl
anion is likely to be bound and in principle it should be observable
in the gas phase. The homologous series of pyramidal radicals 2R–
5R is expected to give rise to bound anions. The most pyramidal of
these (5R) is predicted to have a remarkable EA of around 13.5 kcal/
mol, which is higher than the one measured for cubyl radical by
about 2 kcal/mol. Pyramidalization of the resulting radical can also
be associated with an increased C–H BDE in the series 1H–5H. For
5H a remarkably strong C–H bond (worth about 110 kcal/mol) is
predicted.

Acknowledgements

We are grateful to the Research Promotion Foundation (IPE) of
Cyprus for financial support to P.S.P. (ENTAX/0506/07) and for
grants (EPYAN/0205/05 and EPYAN/0506/03) enabling the pur-
chase of computer resources.

Supplementary data

G3MP2B3 energies and calculated geometries of the compounds
in this report. This material is available free of charge via the In-
ternet at http://pubs.acs.org. Supplementary data associated with
this article can be found in the online version, at doi:10.1016/
j.tet.2008.12.043.

References and notes

1. Ellison, G. B.; Engelking, P. C.; Lineberger, W. C. J. Am. Chem. Soc. 1978, 100, 2556.
2. Dixon, D. A.; Feller, D.; Peterson, K. A. J. Phys. Chem. Soc. A 1997, 101, 9405.
3. Rienstra-Kiracofe, J. C.; Tschumper, G. S.; Schaefer, H. F.; Ellison, G. B.; Nandi, S.

Chem. Rev. 2002, 102, 231.
4. (a) DePuy, C. H.; Bierbaum, V. M.; Damrauer, R. J. Am. Chem. Soc. 1984, 106, 4051;

(b) DePuy, C. H.; Cornert, S.; Barlow, S. E.; Bierbaum, V. M.; Damrauer, R. J. Am.
Chem. Soc. 1989, 111, 1968.

5. Schleyer, P. v. R.; Spitznagel, G. W.; Chandrasekhar, J. Tetrahedron Lett. 1986, 27,
4411.

6. Ervin, K. M.; Lineberger, W. C. J. Phys. Chem. Soc. 1991, 95, 1167.
7. Hare, M.; Emrick, T.; Eaton, P. E.; Kass, S. R. J. Am. Chem. Soc. 1997, 119, 237.
8. Sauers, R. S. Tetrahedron 1999, 55, 10013.
9. (a) Graul, S. T.; Squires, R. R. J. Am. Chem. Soc. 1988, 110, 608; (b) Graul, S. T.;

Squires, R. R. J. Am. Chem. Soc. 1990, 112, 2506; (c) Graul, S. T.; Squires, R. R. J. Am.
Chem. Soc. 1990, 112, 2517; (d) Squires, R. R. Acc. Chem. Res. 1992, 25, 461.

10. See, for example: (a) Smith, B. J.; Radom, L. J. Phys. Chem. 1991, 95, 10549; (b)
Ervin, K. M.; DeTuri, V. F. J. Phys. Chem. A 2002, 106, 9947; (c) Kovacevic, B.;
Maksic, Z. B.; Primorac, M. Eur. J. Org. Chem. 2003, 19, 3777.

11. For reviews on pyramidalized alkenes, see: (a) Borden, W. T. Chem. Rev. 1989, 89,
1095; (b) Vázquez, S.; Camps, P. Tetrahedron 2005, 61, 5147.

12. Theophanous, F. A.; Tasiopoulos, A. J.; Nicolaides, A.; Zhou, X.; Johnson, W. T. G.;
Borden, W. T. Org. Lett. 2006, 8, 3001.

13. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.;
Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.; Burant, J. C.;
Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.;
Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.;
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao,
O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken,
V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A.
J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G.
A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;

http://pubs.acs.org
http://dx.doi.org/doi:10.1016/j.tet.2008.12.043
http://dx.doi.org/doi:10.1016/j.tet.2008.12.043


P.S. Petrou, A.V. Nicolaides / Tetrahedron 65 (2009) 1655–1659 1659
Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox,
D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.;
Gil, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian 03, Revision C.02; Gaussian: Wallingford, CT, 2004.

14. PQS Version 3.3; Parallel Quantum Solutions: Fayetteville, AR, USA, 2006.
15. (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648; (b) Lee, C. T.; Yang, W.; Parr, R. G.

Phys. Rev. B 1998, 37, 785.
16. (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972, 56, 2257; (b)

Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. J. Chem. Phys. 1980, 72, 650.
17. Baboul, A. G.; Curtiss, L. A.; Redfern, P. C. J. Chem. Phys. 1999, 110, 7650.
18. Nicolaides, A.; Rauk, A.; Glukhovtsev, M.; Radom, L. J. Phys. Chem. 1996, 100,

17460.
19. Scott, A. P.; Radom, L. J. Phys. Chem. 1996, 100, 16502.
20. (a) Foster, J. P.; Weinhold, F. J. Am. Chem. Soc. 1980, 102, 7211; (b) Reed, A. E.;

Weinhold, F. J. Chem. Phys. 1985, 83, 1736; (c) Reed, A. E.; Curtiss, L. A.; Wein-
hold, F. Chem. Rev. 1988, 88, 899.

21. Berkowitz, J.; Ellison, G. B.; Gutman, D. J. Phys. Chem. 1994, 98, 2744.
22. Cooks, R. G.; Wong, P. S. H. Acc. Chem. Res. 1988, 31, 379.
23. DePuy, C. H. J. Org. Chem. 2002, 67, 2393.
24. Wong, J.; Sanes, K. A.; Johnson, C. E.; Brauman, J. I. J. Am. Chem. Soc. 2000, 122,

10878.
25. Mariano, D.; Vera, A.; Pierini, A. B. Phys. Chem. Chem. Phys. 2004, 6, 2899.
26. With the standard G3MP2B3 method DHf 298(6A)¼11.1 kcal/mol. Presumably

the presence of diffuse functions in the basis set describes better the geometry
of the anion27 resulting in a somewhat lower energy.

27. Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio Molecular Orbital
Theory; Wiley: New York, NY, 1986.

28. Data from NIST Standard Reference Database 69, June 2005 Release: NIST
Chemistry WebBook. (http://webbook.nist.gov/chemistry/form-ser.html).

29. Srinivasan, N. K.; Kiefer, J. H.; Tranter, R. S. J. Phys. Chem. A 2003, 107, 1532.
30. Smith, B. J.; Radom, L. J. Phys. Chem. 1998, 102, 10787.
31. (a) Tsang, W. J. Am. Chem. Soc. 1985, 107, 2872; (b) Russell, J. J.; Seetula, J. A.;

Timonen, R. S.; Gutman, D.; Nava, D. F. J. Am. Chem. Soc. 1988, 110, 3084; (c)
Berkowitz, J.; Ellison, G. B.; Gutman, D. J. Phys. Chem. 1994, 98, 2744.

32. At the G3MP2B3 level of theory the electron affinity of the methyl radical is
0.2 kcal/mol, which is 1.6 kcal/mol lower than the experimental value. The
higher electron affinity of the methyl radical computed at the G3MP2B3(þ)
level of theory can be traced to a lower computed heat of formation for the
methyl anion as compared to the G3MP2B3 method. (DHf 298(CH3

�)¼34.2 and
32.4 kcal/mol with the G3MP2B3 and G3MP2B3(þ), respectively. With both
methods DHf 298(CH3

� )¼34.4 kcal).26

33. At 0 K and before ZPE corrections EA(6R)�EA(CH3
� )¼�0.3.

34. At the G3MP2B3 level of theory DHacid(isobutane)¼410.2 kcal/mol, because the
stability of the anion is underestimated by 1.2 kcal/mol. At the G2 level of theory
(where MP2/6-31G(d) optimized geometries are used) DHacid(isobutane)¼412.
2 kcal/mol.35

35. Burk, P.; Sillar, K. J. Mol. Struct. (THEOCHEM) 2001, 535, 49.
36. Caution has been recommended in inferring relative acidities of alkyl groups

from kinetic methods when assumptions about the mechanism of the com-
peting decomposition processes is not exactly known. In this context the rel-
ative proton affinities of isobutyl and tert-butyl anions change order when
decomposition of alkoxide systems instead of alkyltrimethylsilane systems are
used.24,37

37. Broadus, K. M.; Kass, S. R.; Osswald, T.; Prinzbach, H. J. Am. Chem. Soc. 2000, 122,
10964.

38. A linear fit between %s character and f for the homologous radicals 2R–5R has
a reasonable regression coefficient (r2) of 0.985 and extrapolation to zero %s
character corresponds to f¼31.8� , not far from the pyramidalization angle of
the parent system 1R. However, the linear fit is much worse when other rad-
icals are included (1R, 6R, and cubyl). This suggests that there is no simple
relationship between %s character and f for radical centers in general.

39. A linear fit between %s character and f for the homologous anions 2A–5A has
a regression coefficient (r2) of 0.964, and extrapolation to zero %s character
corresponds to f¼44.6� , quite far from the pyramidalization angle of the parent
system 1A.

40. This simple model should be used with caution and in a qualitative sense.
When applied to cubyl radical (f¼86.1�) and cubyl anion (f¼93.5�) an EA of 21.
2 kcal/mol is expected, which is almost twice as large than the experimental
value. This is not surprising since both pyramidalization angles are quite far
from their equilibrium values.

41. (a) DePuy, C. H.; Bierbaum, V. M.; Flippin, L. A.; Grabowski, J. J.; King, G. K.;
Schmitt, R. J. J. Am. Chem. Soc. 1979, 101, 6443; (b) DePuy, C. H.; Bierbaum, V. M.;
Flippin, L. A.; Grabowski, J. J.; King, G. K.; Schmitt, R. J.; Sullivan, S. A. J. Am.
Chem. Soc. 1980, 102, 5012; (c) Squires, R. R.; DePuy, C. H. Org. Mass Spectrom.
1982, 17, 187; (d) DePuy, C. H.; Bierbaum, V. M.; Damrauer, R.; Soderquist, J. A. J.
Am. Chem. Soc. 1985, 107, 3385; (e) O’Hair, R. A. J.; Gronert, S.; DePuy, C. H.;
Bowie, J. H. J. Am. Chem. Soc. 1989, 111, 3105.

42. Hrovat, D. A.; Borden, W. T. J. Am. Chem. Soc. 1994, 116, 6459.
43. Johnson, W. T. G. Ph.D. Thesis, University of Washington, 1999.

http://webbook.nist.gov/chemistry/form-ser.html

	Electron affinities of a homologous series of tertiary alkyl radicals and their C-H bond dissociation energies (BDEs)
	Introduction
	Methodology
	Results and discussion
	Acknowledgements
	Supplementary data
	References and notes


