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Abstract
We report herein the results of an experimental and

computational study of adamantylideneadamantane (1) and a
variety of substituted ethylenic hydrocarbons. The standard
enthalpy of formation in the gas phase as well as the gas-phase
basicity (GA) of 1 were experimentally determined for the first
time, respectively by calorimetric techniques and FT-ICR
spectrometry. In parallel, computational studies at the MP2/
6-311+G(d,p), G3(MP2), and G3 levels were performed on
the neutral (1) and protonated (1H+). The agreement with
experimental results was very good. The structures of 1 and
1H+ were subject to treatment by “Atoms in Molecules” in
order to assess the characteristics of the closest H£H inter-
actions involving both adamantane moieties. Also, the second-
order perturbation analysis within the Natural Bond Orbital
Theory methodology shows four degenerate charge-transfer
interactions between the σ C­H bond of one of the adamantyl
subunits towards the σ* C­H of the other adamantyl subunit.
The standard enthalpies of formation of new adamantyl com-
pounds were obtained using our experimental data. The com-
putational study of a variety of ethylenic compounds includ-
ing cyclohexylidenecyclohexane and several alkyl-substituted
ethylenes using isodesmic and homodesmotic reactions was
carried out. This study was extended to their proton affinities
and gas-phase basicities.

Introduction

Adamantane, C10H16, is the basic building block which leads
to elaborations of the diamonoid family.1,2 Poly(1,3-adaman-
tane) stable polymers have been reported recently.3 This
work focuses on the cognate, D2h symmetric adamantylidene-
adamantane (1, Ad=Ad, C20H28, Figure 1), in which a tetra-
substituted ethylenic linkage combines two adamantanes.

We have reported an experimental and computational study
on the degenerate electron exchange between cage hydro-
carbons and the corresponding radical cations.4

Here we extend this work to the thermodynamics of neutral,
protonated, or ionized 1.

As regards 1, X-ray studies5 show that the length of the
ethylenic C=C (1.344¡) and other bond lengths are consistent
with 1 being a strain-free olefin except for the internal strain
of the adamantane moieties6 and the close approach (1.851¡)
of the hydrogen atoms shown in Figure 17 (only one of the
two pairs is shown). This nicely agrees with the geometries
computed at the B3LYP/6-31G*,8 B3LYP/aug-cc-pVTZ4 as
well as MP2(Full)/6-31G* and MP2/6-311+G** levels (this
work).

The radical cation 1+•, forms readily as a long-lived one-
electron, two-center π-bonded species9 in different chemical
processes, and has been characterized by near-UV­vis spectros-
copy.10,11 Known in the gas phase,4 1+• also has been identified
in the epoxidation of 1 (directly by NO2

12 or by O2 catalyzed
with nitrogen oxides and protic solvents).13,14 The experimental
vertical ionization energy of 1 is relatively small, 7.84 eV.15

This ease of oxidation and the protective shielding of the
ethylenic bond by the four β-C­H groups enrich the chemistry
of 1.16 Substitution of the α-C­H hydrogens by alkyl or phenyl
groups affects the planarity and strains the ethylenic moiety of
these derivatives.17,18

This work is aimed at gaining fundamental physicochemical
information on 1 in the gas phase since this compound is an
appropriate benchmark for the study of structural effects on the
reactivity of its derivatives. In particular, we experimentally
determined its standard enthalpy of formation, ¦fH°m(1) in the
gas phase as well as its gas-phase basicity, GB(1), the negative
of the standard Gibbs energy change for reaction (1):19

1ðgÞ þ HþðgÞ ! 1HþðgÞ �rG
�
mð1Þ ¼ �GBð1Þ ð1Þ

H
1.851 Å

H

Figure 1. Structure of adamantylideneadamantane. One of
the two equal, shortest H£H distance is shown.
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Also carried out were computational studies on these properties
and calculation of the adiabatic and vertical ionization energies
of 1.

Experimental

The Standard Enthalpy of Formation of 1. The enthalpy
of formation in the gas phase at T = 298.15K of 1 was de-
rived from the experimental value of the standard enthalpy of
formation in the crystalline state, ¦fH°m(cr, 298.15K) carried
out by combustion calorimetry, and the standard enthalpy
of sublimation ¦subH°m(298.15K) by the measurement of
their vapor pressures. The energy of combustion, ¦cu =
¹(43266.57 « 3.1) J g¹1 per unity ofmass, has been determined
using a static bomb calorimeter (energy equivalent of calorim-
eter, ¾ = 14262.6 « 2.5 JK¹1).20 The vapor pressures were
determined at different temperatures in the interval of temper-
ature (324.56­357.54)K by the Knudsen effusion technique21­23

and the enthalpy of sublimation at the mean temperature,
¦subH°m(Tm = 341.05K) = (98.6 « 2.7) kJmol¹1, was deduced
from Clausius­Clapeyron equation. This value was adjusted at
T = 298.15K using eq 2:

�subH
�
mðT ¼ 298:15KÞ

¼ �subH
�
mðTmÞ þ

Z 298:15

Tm

½C�
p;mðgÞ � C�

p;mðcrÞ�dT

¼ 102:2 kJmol�1 ð2Þ
where the heat capacity of the gas phase, C°p,m(g) = ¹42.9 +
8.3 © 10¹1T + 5.0 © 10¹4T2, was calculated from molecular
vibrational contributions, and the heat capacity of the solid
phase, C°p,m(cr) = 68.9 + 2.95 © 10¹1T + 1.9 © 10¹3T2, was
obtained from experimental measurements of heat capacities
using differential scanning calorimetry. From the experimental
results, the standard molar enthalpies of combustion, sublima-
tion, and formation in the crystalline and gaseous state at
temperature of 298.15K were derived and are reported in
Table 1.

Experimental Determination of the Gas-Phase Basicity
of 1. Fourier transform ion-cyclotron resonance spectrometry
(FT-ICR spectrometry) was performed on a modified Bruker
CMS-47 FT-ICR mass spectrometer used in recent studies.24,25

Detailed descriptions of the technique are given in refs 26­32.
The original instrument is described in ref 26. The spectrom-
eter is linked to an Omega Data Station (IonSpec, CA). The
magnetic field strength of the superconducting magnet is 4.7 T
(Tesla). The cell temperature is 321 « 10K.

The main process studied was of the form of reaction (3):

BrefHþðgÞ þ BðgÞ ! BHþðgÞ þ BrefðgÞ Kpð3Þ �rG
�
mð3Þ

ð3Þ
where Bref is a base of known GB and B is the base under study.
Mixtures of neutral Bref and B (partial pressures in the range

10¹8­10¹7mbar) and Ar (cooling gas, pressures of 5 © 10¹7 to
8 © 10¹7mbar) are ionized with an electron beam of the lowest
possible ionization energy. Generally, ionic fragments act as
proton sources and lead to the formation of BrefH+ and BH+.
The system is allowed to evolve during times of up to 60­90 s.
In the case of a normal equilibrium, the ratio of intensities of
these ions, IBHþ=IBrefHþ stabilizes after some time and is taken
as the ratio of the partial pressures of the corresponding ionic
species, namely PBHþ=PBrefHþ. The equilibrium constant Kp(3)
is then given by eq 4:

Kpð3Þ ¼ ðPBHþ=PBrefHþÞ � ðPBref=PBÞ ð4Þ
and the gas-phase basicity of B is given by eq 5:

GBðBÞ ¼ GBðBrefÞ þ RT lnKp ð5Þ
In what follows, the base B of unknown basicity is 1. As usual,
herein we used several reference bases and different pressure
ratios for each of them. Ion-selection experiments showed the
reversibility of the proton exchange between 1 and Bref.

We failed to observe a clean protonation of 1 using reference
bases stronger than pyrazine. We observed fast, unequivocal
protonation of 1 using the protonated forms of the following
bases (GBs in kJmol¹1 given in parentheses): HCO2­n-C3H7

(773.9), (CH3)2CO (782.1), THF (794.7), C2H5CO2CH3

(810.8), CH3SC2H5 (815.3). In all these cases, ion-selection
experiments showed the reversibility of the proton exchange.

The strongest bases leading to a constant ratio of ðP1Hþ=
PBrefHþÞ, i.e., the ratio of the ion intensities of 1H+ and BrefH+,
over a period of at least 30 s are presented in Table 2. In all
these cases, ion-selection experiments showed the reversibility
of the proton exchange.

We take the average value, 842.0 kJmol¹1 as the exper-
imental GB(1). In general, the uncertainty on the gas-phase
basicity of a given base is taken as ca. 8.2 kJmol¹1.33 Our
result, 6.3 kJmol¹1 seems quite consistent with it.

Computational Results and Discussion

Computations at both the MP2/6-311+G(d,p)34 and G335

levels were applied to most of the relevant species with few
exceptions. In the case of 1, we used both G3 and G3(MP2).36

Raw results are given in the Supporting Information Section.
The Standard Enthalpy of Formation of 1, ¦fH°m(1), Its

Structure and Stability. Because of its good performance, the
G3 technique was chosen to estimate the enthalpies of forma-
tion. Since 1 is formed by two adamantane (C10H16) moieties,
we first examined its enthalpy of formation as well as that of
cyclohexane, c-C6H12, a formal building block of adamantane.
The effect of successive methyl substitutions on ethylene also
was studied. The results are summarized in Table 3. In all cases,

Table 1. Standard molar enthalpies of combustion, sublima-
tion, and formation in the crystalline and gaseous states at
T = 298.15K and p° = 101.325 kP

¦cH°ma) ¦fH°m(cr)a) ¦subH°ma) ¦fH°m(g)a)

11631.7 « 5.1 ¹240.2 « 5.8 102.2 « 2.8 ¹138.0 « 6.4

a) All values in kJmol¹1.

Table 2. Experimental determination of GB(1)a)

Reference base (Bref ) GB(Bref )b) Kp GB(1)c)

Et2S 827.0 75.1 838.5
CH3COCH2COCH3 836.8 4.3 840.7
Pyrazine 847.0 0.7 846.0

Average 841.7 « 6.3d)

a) All values in kJmol¹1. b) Values from ref 33. c) Determined
using eq 5, see text. d) Twice the standard deviations.
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we used isodesmic37 bond separation processes such as reac-
tions (6) and (7):

C10H16 þ 14CH4 ! 12C2H6 ð6Þ
1þ 30CH4 ! C2H4 þ 24C2H6 ð7Þ

We also applied homodesmotic reactions37 (8) and (9) to
adamantane and 1:

C10H16 þ 12C2H6 ! 6C3H8 þ 4 i-C4H10 ð8Þ
1þ 28C2H6 ! C2H4 þ 14C3H8 þ 8 i-C4H10 ð9Þ

As a simple example we can calculate the standard enthalpy
of formation of 1. The experimental value is known but here
we use eq 9 as if it was not.

�rH
�
mðreaction 9Þ

¼ �fH
�
mðC2H4Þ þ 14��fH

�
mðC3H8Þ þ 8

��fH
�
mði-C4H10Þ � 26

��fH
�
mðC2H6Þ ��fH

�
mð1Þ:

Now, we can obtain, for instance, ¦rH°m(reaction 9) at the G3
level since all the values of ¦fH°m involved are available. We
call it ¦rH°m(reaction 9, G3). We also know all the exper-
imental values of ¦fH°m(C2H4), ¦fH°m(C3H8), ¦fH°m(i-
C4H10) and ¦fH°m(C2H6). Thus, combining ¦rH°m(reaction 9,
G3) and the stoechiometric numbers of the experimental
enthalpies we obtain the value of ¦fH°m(1) given in Table 3.

Table 3 presents the experimental and computational data [at
both the G3 and MP2/6-311+G(d,p) levels]. ¤ is the difference
between the experimental and computational standard enthal-
pies of formation. The ¦fH°m(exp) value for 2,2¤-biadamantane
was determined by combining the standard enthalpy of forma-
tion of 1,1¤-biadamantane, ¹242.6 « 7.9 kJmol¹1,40 with the
enthalpy of isomerization 1,1¤-biadamantane ¼ 2,2¤-biadaman-
tane, 4.64 « 0.50 kJmol¹1.41

This table shows that most absolute values of ¤ for MP2
and G3 calculated values are quite similar, with two significant
exceptions, adamantane and 1, possibly because G3 better
accounts for the internal strain and other structural effects in
the adamantyl systems. Homodesmotic reactions (8) and (9) do
not perform significantly better than the isodesmic reactions (6)
and (7).

There is also a source of uncertainty that increases with the
size of the molecules. Consider the cases of 1 and adamantane.
The coefficients for the ancillary species CH4, C2H6, and i-
C4H10 in equations such as (6), (7), (8), and (9) are large. Thus,
even if the experimental errors on the molar heats of formation
of these species are small, their final contribution to the overall
computed enthalpies might be significant. We summarize in
Table 4 the experimental and computed thermochemistry of
some reactions that shed light on properties of this family of
compounds.

Thermodynamics of Reactions, NBO and AIM Analyses.
At variance with reactions (6)­(9), the agreement between the
experimental and computed enthalpies for reaction (10) is very
good and tends to confirm that the larger differences between
the experimental and computed values in reactions (6)­(9)
originate in the cage structures.

Reactions (11) and (12) are important as they correspond to
the hydrogenation of the double bonds in 1 and in tetramethyl-
ethylene to yield 2,2¤-biadamantane and 2,3-dimethylbutane,
respectively. All the experimental values required are available
and both enthalpies differ by only 3.8 kJmol¹1, well within
the limits of experimental uncertainty. This strongly suggests
that hyperconjugation effects and internal repulsions are very
similar in the couples 1/2,2¤-biadamantane and tetramethyl-
ethylene/2,3-dimethylbutane. The agreement between the
experimental and G3 enthalpies for reaction (12) is also good.

Table 3. Experimental and computed standard enthalpies of formation for relevant species in kJmol¹1

Compound ¦fH°m(MP2),(¤)a) ¦fH°m(G3),(δ)b) ¦fH°m(exp)c)

CH4 ¹74.87
C2H6 ¹84.24 « 0.87
C3H8 ¹105.4 (1.2) ¹104.6 (0.3) ¹104.3 « 0.8
i-C4H10 ¹136.1 (1.2) ¹133.9 (¹1.0) ¹134.9 « 1.4
c-C6H12 ¹123.9 (0.3) ¹122.0 (¹1.6) ¹123.9 « 3.4
((CH3)2C(H))2 ¹176.5 ¹177.8 « 7.9

C10H16 ¹151.4 (16.7)
¹145.5 (10.8)

¹134.6 « 4.8f )
¹148.5 (13.9)d)

C2H4 52.4 « 0.5
CH3C(H)=CH2 19.8 (0.5) 20.5 (¹0.1) 20.4 « 0.1
(CH3)2C=CH2 ¹16.6 (¹1.3) ¹15.8 (¹2.1) ¹17.9 « 1.1
(CH3)2C=C(H)CH3 ¹41.4 (0.1) ¹39.6 (¹1.7) ¹41.3 « 0.9
(CH3)2C=C(CH3)2 ¹65.4 (¹4.0) ¹62.3 (¹7.1) ¹69.4 « 1.0
c-C6H10=CH2 ¹32.2 ¹33.1 NA
C10H14=CH2 ¹96.2 ¹55.6 NA
c-C6H10=c-C6H10 (C2h) ¹113.8 ¹100.7 NA
c-C6H10=c-C6H10 (C2v) ¹114.1 ¹101.4 NA

1 (Ad=Ad) ¹183.3 (45.3)
¹130.0 (¹10.0)g)

¹138.0 « 6.8g)
¹130.2 (¹7.8)e)

2,2¤-Biadamantane ¹242.6 « 7.9h)

a) ¤ = ¦fH°m(exp) ¹ ¦fH°m(calc). b) From ref 38 unless stated otherwise. c) Experimental. d) From
reaction (6). e) From reaction (9). f ) Average of the values given in refs 38 and 39. g) From reaction (7).
h) From refs 40 and 41.
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In tetramethylethylene and 2,3-dimethylbutane there are two
different contributions to the internal strain of these com-
pounds, essentially two cis interactions in the former and two
gauche(1­4) interactions in the latter case (corresponding to
11.4 and 9.6 kJmol¹1, respectively).30,42 These effects essen-
tially compensate each other in the hydrogenation process.

Reaction (13) allows comparison of the relative stabilities of
the ethylenic bonds between a methylene group and cyclo-
hexane or adamantane. At the G3 level, they differ by ¹0.7
kJmol¹1, indicating essentially the same stability of these bonds
and do not show any special effect from the cage structure.

Cyclohexylidenecyclohexane, c-C6H10=c-C6H10, can adopt
two different conformations, with C2h and C2v symmetries,
respectively (Figures 2 and 3). Table 4 shows that their sta-
bilities are extremely close, the latter being more stable (reac-
tions 14 and 15) as indicated by their G3-computed ¦fH°m
values (Table 3). The shortest inter-ring C­H£H­C distances in
these species, respectively 1.894 and 1.895¡ for the C2h and
C2v conformers are slightly longer than in 1, 1.851¡ (all values
at the MP2/6-311+G(d,p) level). These distances are shorter
than the corresponding van der Waals distance sum.

The short H£H distances in 1 prompted “Atoms in
Molecules” (AIM) studies.43 In Figure 4 the relevant σ orbitals
pertaining to these interactions in both 1 and 1H+ are shown.
The topological analysis of the electron density allows location
of the position of critical points where the gradient vanishes.
The critical points, especially those with (3,¹1) signature that
are called bond critical points, characterized the interactions44

based on the value of the electron density and its second
derivative, Laplacian. Indeed, Figure 5 shows that the corre-
sponding graphs have bond critical points (green dots) between
each pair of the two neighboring C­H groups. The values of the
electron density µ (0.017 au) and its Laplacian (0.057 au) at the
bond critical points are in the range of closed shell interactions
which are typical of weak interactions. The value reported is
between the two closest H atoms (H6­H19, 1.836¡). The
interaction between the H19­H12 (2.346¡) in 1H+ does not
show a charge transfer above the threshold of the Natural Bond
Orbital Theory (NBO) program (0.5 kcalmol¹1).

The second-order perturbation analysis within the NBO44

methodology shows four degenerate charge-transfer interac-
tions between the σ C­H bond of one of the adamantyl subunits

Table 4. Thermodynamics of selected reactions (in kJmol¹1)

Reaction ¦rH°m(exp) ¦rH°m(G3) ¦rH°m(MP2)

(6) C10H16 + 14CH4 ¼ 12C2H6 174.1 182.8 190.7
(7) 1 + 30CH4 ¼ 24C2H6 + C2H4 415.1 431.5 464
(8) C10H16 + 12C2H6 ¼ 6C3H8 + 4 i-C4H10 ¹19.9 ¹9.1 ¹14.8
(9) 1 + 28C2H6 ¼ C2H4 + 14C3H8 + 8 i-C4H10 9.7 23 29.2
(10) c-C6H12 + 6CH4 ¼ 6C2H6 67.6 66.8 68.7
(11) 1 + H2 ¼ 2,2¤-biadamantane ¹104.6
(12) (CH3)2C=C(CH3)2 + H2 ¼ ((CH3)2C(H))2 ¹108.4 ¹112.8
(13) c-C6H10=CH2 + C10H16 ¼ C10H14=CH2 + c-C6H12 NA ¹0.7
(14) c-C6H10=c-C6H10 (C2h) + 2C10H16 ¼ 1 + 2 c-C6H12 NA ¹7.1 ¹14.2
(15) c-C6H10=c-C6H10 (C2v) + 2C10H16 ¼ 1 + 2 c-C6H12 NA ¹6.7 ¹14.5
(16) 2C10H16 + (CH3)2C=C(CH3)2 ¼ 1 + 2C3H8 ¹7.8 ¹10.7 ¹25.3
(17) 2,2¤-biadamantane + (CH3)2C=C(CH3)2 ¼ 1 + ((CH3)2C(H))2 ¹8.4
(18) 2 c-C6H12 + C2Me4 ¼ c-C6H10=c-C6H10 (C2h) + 2C3H8 NA ¹3.8 ¹10.8
(19) 2 c-C6H12 + C2Me4 ¼ c-C6H10=c-C6H10 (C2v) + 2C3H8 NA ¹4.2 ¹11.1

Figure 2. C2v structure.
Figure 3. C2h structure.

Neutral Protonated

Figure 4. Relevant σ orbitals involved in the NBO study.
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towards the σ* C­H of the other adamantyl subunit. Each
interaction has a value of 2.2 kJmol¹1. The interaction between
of two neighboring CH is associated to an overall destabiliza-
tion effect on the molecule but a local stabilization using some
partition methods.45 We present in Figure 6 the critical points
of 1H+.

The intramolecular H­H interactions have been discussed
in the literature. The seminal work of Martín­Pendás and
co-workers shows that the presence of a bond critical point
corresponds to a local stabilization of the atoms involved
while it could correspond to an overall destabilization of the
system.46

The G3-computed standard enthalpy changes for reactions
(14) and (15) are slightly negative (ca. ¹7 kJmol¹1). This effect
is well within the range of uncertainties of the computational
and experimental methods.

The proton basicity of 1. The results of our study of the neu-
tral and protonated forms of 1 and a series of simple ethylenic
hydrocarbons using the same computational techniques as
above are summarized in Table 5.

Our prior experimental determination of the stability of a
variety of carbenium ions in the gas phase47,48 established a
ranking of thermodynamic stabilities based on the chloride
anion exchange process (27):

R1
þ þ R2-Cl ! R1-Clþ R2

þ �rG
�
mð27Þ (27)

The reference species R1
+ and R1-Cl were 1-adamantyl cation

and 1-chloroadamantane, respectively. Quite recently, a com-
prehensive study of the stabilities of carbenium ions in solution
has been presented.49

Here, we are dealing with hydride exchanges. The present
work allows comparison of the stabilities of 2-substituted
adamantyl cations through reaction (28):

ΔrG°m(28)
R RH

+
+

+
+ ð28Þ

The standard Gibbs energy and enthalpy values for reac-
tion (28), ¦rG°m(28) and ¦rH°m(28) for different substituents
are summarized in Table 6.

Consideration of polarizability parameters50 or substituents
seems appropriate. We present in Table 6 Taft’s polarizability
parameters σα for these substituents.50 It is interesting that the
values for R = tert-Bu and 2-adamantyl are large and rather
close. tert-Bu is the less bulky tertiary substituent and 2-
adamantyl is a very large secondary substituent. As it is often
the case, the stability of these ions depends on the polarizability
of the substituents and here, the polarizability of the 2-
adamantyl fragment is larger than that of tert-Bu. This notwith-
standing, the values of ¦rG°m(28) for the latter two substituents
are very close and the absolute value for R = neo-Pentyl is
close to that for R =Me. The second fundamental factor is the
stability of R+, the charge being spread over the two moieties.
Their standard enthalpies are also presented in Table 6. Clearly,
the values of ¦rG°m(28) reflect both contributions.

As regards structural effects on the stability of 1H+, Figure 6
presents an AIM analysis of this ion. In this case, the bond
paths linking the two adamantyl units connect a hydrogen atom
alpha to the carbocationic atom with two hydrogen atoms in
two CH2 groups of the other adamantyl unit. The largest values
of the electron density (0.016 and 0.008 au) and its Laplacian
(0.051 and 0.030 au) at the bond critical points respectively
correspond to the shortest and longest H£H distances. In the
first case, the values are similar to those found in neutral 1. For
the longer contact, they are about half as large. In the case of
the shortest contact, the NBO analysis shows a charge transfer
between the σ C­H bond in the neutral adamantyl unit towards

Figure 5. Critical points in neutral adamantylideneadaman-
tane. Green, red, and blue dots indicate the location of the
bond, ring and cage critical points, respectively. The lines
connecting the atomic positions indicate the bond paths.

Figure 6. Critical points in protonated adamantylideneada-
mantane.

Table 5. Experimental and computed standard gibbs energy changes for the protonation of selected ethylenic hydrocarbonsa)

Reaction ¦rG°m(MP2)b) ¦rG°m(G3)b) Exp.c)

(20) C2H4 + H+ ¼ C2H5
+ ¹650.2 ¹651.4 ¹651

(21) CH3C(H)=CH2 + H+ ¼ i-C3H7
+ ¹710 ¹715.5 ¹722.6

(22) (CH3)2C=CH2 + H+ ¼ t-C4H9
+ ¹770.7 ¹779.5 ¹775.7

(23) (CH3)2C=C(H)CH3 + H+ ¼ [(CH3)2CCH2CH3)]+ ¹769.9 ¹780.3 ¹779.9
(24) (CH3)2C=C(CH3)2 + H+ ¼ [(CH3)2C-C(CH3)2H)]+ ¹784.1 ¹792.5 ¹783.2
(25) Ad=CH2 + H+ ¼ AdCH3

+ ¹817.6 ¹829.3 NA
(26) Ad=Ad + H+ ¼ (AdAdH)+ ¹824.2 ¹838.1b),d) ¹842.0

a) All values in kJmol¹1. b) This work. c) From ref 33 unless stated otherwise. d) See text.
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the σ* C­H in the carbocationic moiety and the corresponding
stabilization is calculated by the AIM program at 5.7 kJmol¹1.

Ionization energy of 1. As indicated earlier, the experimental
vertical ionization potential of 1 is 7.84 eV.12,15 We have esti-
mated both its adiabatic and vertical ionization energies. The
adiabatic ionization energy was computed as the change in
standard energy for reaction (29):

1ðgÞ ! 1þ•ðgÞ þ e� ð29Þ
We have used the MP2/6-311+G(d,p). Values for the fully
optimized species 1 and 1+• and taken an energy of 3/2 RT for
the free electron, corresponding to the ion convention.51 As
is typical, the calculated adiabatic value is 7.64 eV, 0.20 eV
(ca. 19 kJmol¹1) lower than the vertical value. The vertical
ionization energy is based on reaction (29) with the geometry
of 1+• being the same as that of 1.51 Our result, 8.11 eV, was
0.27 eV higher than the experimental value.

The outer valence Green’s function approach (OVGF)52 was
also tried. Although accurate values require very large basis
sets,53 we used the same 6-311+G(d,p) basis set due to the
size of 1. The resulting vertical ionization energy, 7.68 eV, was
0.16 eV lower than the experimental value. In short, while
both these computational approaches are of a modest level,
they independently agree with the low ionization energies
of 1.

Conclusion

The standard enthalpy of formation of 1 together with the
energetic results (experimental and computational) of a series
of reference reactions as well as the AIM and NBO studies
of this compound leads to the conclusion that the apparent
crowding of this molecule does not entail a significant loss
of stability. Rather high GB(1) value seems to be mostly a
consequence of large polarizability effects.

Experimental and Computational

Materials. Adamantylideneadamantane (1) was prepared
according to Lenoir,54 whereby adamantanone was subjected to
a standard McMurry reaction55 with TiCl4 and Zn in THF. The
crude material was purified by chromatography on silica with
n-hexane as eluent. The product was crystallized twice from
methanol and dried in vacuo to give white crystals (mp 193­
195 °C). This material was subject to two successive sub-
limations. The mass spectra did not show any impurities in
significant amounts.

FT-ICR Experiments. The foreline and the glass tube
containing the sample of 1 were heated to ca. 80°. No impu-
rities were evident.

Computational Methods. Geometry optimizations and
NBO calculations were carried out using Gaussian56 Atoms in
Molecules (AIM) calculations were performed with the AIMII
program.57 The electron densities of complexes have been
analyzed using the AIM methodology employing the AIMll
program. The topological analysis of the electron density
produces the molecular graph of each complex. This graph
identifies the location of electron density features of interest,
including the electron density maxima associated with the
various nuclei, and saddle points which correspond to bond
critical points (BCPs). The zero gradient line which connects a
BCP with two nuclei is the bond path.

This work was supported by Projects CTQ2006-10178/
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Enthalpy and free energies of all species calculated at the
G3, G3(MP2), and MP2/6-311+G(d,p). This material is avail-
able on http://dx.doi.org/10.1246/bcsj.20160026.
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