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Ab Initio and Experimental Thermodynamic and Kinetic Study of Proton-
Assisted Bond Activation in Gaseous Hydrocarbons: Deconvolution of

Reaction Efficiencies in the Case of Adamantane™*
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Abstract: 1) Protonation at all possible
sites of adamantane (C,,H;¢) was stud-
ied at the MP2/6-311++ G(3df2p)//
MP2/6-3114++G(d,p) level. This pro-
vided values of the changes in the ther-
modynamic state functions for these

these  reactions were  analyzed.
3) Fourier transform ion cyclotron res-
onance (FT-ICR) spectroscopy was
used to determine the rate constants
for proton transfer from 16 protonated
reference bases to adamantane in the

gas phase. Also, the rate constants for
the formation of ionic products in
these reactions were determined.
4) The experimental reaction rates
were successfully predicted and refined
on the basis of a simple mechanistic

processes. Whenever direct comparison
was possible, the agreement with ex-
perimental data was very good. 2) By
the same means, the reaction paths
linking the various species obtained in

hydrocarbons

Introduction

The protonation of aliphatic and alicyclic hydrocarbons,
both in the gas phase and in solution, has attracted attention
for several decades. Benchmark gas-phase protonation stud-
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model based on the reaction profiles
indicated above. 5) Our results hint at
the potential usefulness of this ap-
proach for mechanistic studies.

ion-molecule

ies in this field are those of Tal'roze and Lubyumoval'l on
methane, followed by seminal experiments on large linear
alkanes by Field et al., and smaller linear and branched
alkanes by Hiraoka and Kebarle.*® Classical studies by
Olah et al.”! and Hogeveen!® on the protonation of aliphatic
hydrocarbons in superacids date back to the late 1960s and
early 1970s. A few years ago, Fokin, Schreiner et al.”) stud-
ied experimentally and computationally the activation of
moderately strong C—C and tertiary C—H bonds in cage hy-
drocarbons such as adamantane (C,,H;,, 1H) by weak to
moderately strong electrophiles and strongly oxidizing spe-
cies. All of these processes are fundamental to understand-
ing the activation of C—H and C—C bonds."”! We have also
dealt with bond activation through protonation of organic
species RX (X =halogen, OH, OMe) as a source of carbeni-
um ions R+.1"

Quantum-mechanical methods are extremely valuable
(“sometimes mandatory”) tools for the treatment of gas-
phase ion-molecule reactions.”? Because of their relevance
to our present work, we mention relatively recent studies on
the protonation of propane™® and isobutane.['

In 2001, Esteves, Mota et al reported the results of an ab
initio study (at the MP2(full)/6-31G(d,p) level, without fre-
quency calculations at correlated levels) on the structure
and energetics of the possible species obtained by protona-
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tion of 1H.['" Their results, as well as our longstanding in-
volvement in the study of the stability of adamantyl deriva-
tives, including neutral compounds™® and cations (1- and 2-
adamantyl, respectively, 1-Ad* and 2-Ad*),!'!"! generated
our interest in the protonation of 1H.

Herein we present the results of a computational and ex-
perimental study on this process. Because protonation can
occur on several sites of the adamantane molecule, we de-
termined the structure and thermodynamic state functions
for the various protonated adamantane isomers at the MP2/
6-311++ G(3df,2p)//MP2/6-311 ++ G(d,p)level of theory.'!
This information was then used to predict the kinetics of
proton transfer from sixteen protonated reference bases
B,H* to 1H. These reactions were studied experimentally
by means of Fourier transform ion-cyclotron resonance (FT-
ICR) spectroscopy.l'”) We compare the predicted and experi-
mental data and discuss some mechanistic implications of
the results.

Experimental and Methods Section

Computational details: Calculations were carried out using the computer
program packages Gaussian 98" and Gaussian 03.2"

The 1H molecule presents two different H- and C-protonation sites and
only one kind of C—C sites. First, the structures of the species obtained
by H, C, and C—C protonation of 1H were optimized at the MP2/6-31G-
(d,p) level. The possible reaction pathways linking these structures were
explored at the same level by means of the QST3 method.” The various
structures identified as stationary points on the potential energy surface
of the (1H,H™) manifold, that is, the set of different isomeric structures
of protonated adamantane, were refined and their harmonic vibrational
frequencies determined at the MP2/6-311 + + G(d,p) level. Finally, single-
point energy calculations on these optimized structures were performed
at the MP2/6-311++ G(3df2p) level. Raw computational energetic re-
sults and optimized structures are available as Supporting Information.

To our knowledge, no empirical correction factors for anharmonicity ef-
fects, suitable for the zero-point vibrational energy (ZPVE), vibrational

Abstract in Spanish: 1) Se ha estudiado la protonacion de
todos los posibles centros bdsicos del hidrocarburo adaman-
tano (C;yHys) al nivel MP2/6-311++ G(3df,2p)//MP2/6-
311++G(d,p) y se han obtenido valores de las variaciones
de funciones termodindmicas de estado para los procesos
mencionados. Se ha encontrado una excelente concordancia,
en los casos en los que ha podido compararse con datos ex-
perimentales. 2) Se ha aplicado el mismo método al estudio
de los mecanismos de reaccion que enlazan las distintas espe-
cies formadas. 3) Se han determinado las constantes de velo-
cidad de transferencia protonica, en fase gaseosa, con 16
bases de referencia protonadas al adamantano, utilizando la
Resonancia Ciclotronica de Iones con Transformada de Fou-
rier. 4) Se han predicho y optimizado con éxito las velocida-
des de reaccion, utilizando un modelo sencillo basado en los
perfiles de reaccion indicados mds arriba. 5) Los resultados
obtenidos sugieren que la metodologia aplicada puede ser
ttil para estudios mecanisticos.
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contribution to the molar heat capacity at constant volume Cy; and entro-
Py S°s, are available for MP2/6-311++ G(d,p) harmonic vibrational fre-
quencies.ma] This is most unfortunate, because some of the “bonds” in
the protonated species have very low vibrational frequencies which con-
tribute significantly to the heat capacity and entropy, and thus need to be
accurately known. We have attempted to obviate this difficulty by using
the following method.

Harmonic vibrational wavenumbers for cognate species, namely, 1H, 1-
AdT, 2-Ad™, and (tert-C,Hy+-H,)™ were determined at both the MP2/6-
31G(d) and MP2/6-311++G(d,p) levels (see Supporting Information).
The linear correlations between the data obtained at both levels allowed
us to estimate the MP2/6-31G(d) harmonic vibrational wavenumbers for
the various species. To these values, the corrections of Radom and
Scott® were applied and used for the estimation of the corresponding
enthalpies H,o and Gibbs energies G, In three species (1H,, T, 1H,, ¥,
1H,.*, see below), the frequencies of the two torsional modes of the HH
moieties are very low (see Supporting Information). Therefore, we took
their total contributions to ZPVE, Cy; and $°, as equal to those pertain-
ing to a freely rotating dihydrogen molecule, namely, 0.592 kcalmol '
(RT), 1.984 calmol "K' (R), and 3.15 calmol ' K™'.*¥/ We estimate the
uncertainties originating in this treatment of low-frequency modes at
about 0.7 kcalmol ! (for details, see Supporting Information).

Experimental section: All products were commercial and of the highest
purity available. Adamantane (Aldrich) was sublimed twice. Malononi-
trile (Fluka) was sublimed twice. Methyl trifluoroacetate (Aldrich) con-
tained a trace of ethyl trifluoroacetate, which was removed by distillation
through a Perkin Elmer adiabatic spinning-band annular still (100 theo-
retical plates). (CF;),CHOH was stored over and distilled from P,O,.
All other products (Aldrich) were used without further purification.
Methane (99.999 %) was obtained from Praxair. It was passed through a
copper coil cooled with liquid nitrogen. Argon (>99.998 % ) was obtained
from Aldrich, and helium (>99.999 %) from Air Liquide.

The study was performed on a modified Bruker CMS-47 FT-ICR mass
spectrometer already used in previous studies.l''#?! The spectra were ac-
quired by using an IonSpec Omega Data Station (IonSpec Corp., Irvine,
CA).

Mixtures of 1H (nominal pressure in the range 5x 107’ to 1.5x 10~" mbar)
and a reference base B,; (nominal pressures in the range (1-5)x
107" mbar) were introduced into the high-vacuum section of the instru-
ment. Argon or helium (pressure between 6x 1077 and 2 x 10~ mbar) was
added in all cases. Electron ionization (nominal energy below 20 eV) of
the gaseous mixtures generally led to the formation of B, H*. In a few
cases, methane was added as proton source. Ions were allowed to cool
for periods of about 5's and then B, ;H™ was selected by using broadband
pulses and soft ejection shots. The temperature of the cell, as measured
with a platinum resistor was 323 K.

Gauge sensitivities S, relative to N, for the various B,.; were obtained ac-
cording to Bartmess and Georgiadis,*! by using for each compound the
polarizability a(ahc), calculated by Miller’s method.”””! The relative gauge
sensitivity of 1H was experimentally determined at the FT-ICR laborato-
ry of the Nice-Sophia Antipolis University by using a Leybold VISCO-
VAC VM 210 spinning-rotor viscosity gauge.”® The value obtained
(7.89£0.32) agrees within 4% with that (7.58) estimated by the Bart-
mess—Georgiadis method.

The decay of the abundances of these ions was monitored for times rang-
ing from 5 to 100s, depending on the system. At the same time, the
growth of the ion signals at m/z 135 (1-Ad* and 2-Ad*), 136 (°C iso-
topomers of these ions), and 137 (protonated 1H and °C isotope peaks
of 1-Ad™ and 2-Ad*) were monitored.

Computational Results
Energy minima: We found four stable structures for proto-

nated adamantane on the potential energy surface of the
(1H,H*) system: three weakly bound adducts between H,
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and the adamantyl ion (1H,*,, 1H,*, and 1H,",), and one
C-adamantonium ion (1H,*,) formed by protonation of a
C—C bond (between C1 and C2, Figure 1). These species
(Figure 2) are formed through reactions (1x) where x=a—d.

d(C1-H)=1.098

d(C2-H)=1.099

J J

Figure 1. The structure of adamantane (1H) as optimized at the MP2/6-
3114+ G(d,p) level (bond lengths in A). Equivalent secondary and terti-
ary carbon atoms are numbered 2 and 1, respectively.
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Figure 2. The four stable structures formed by protonation of adaman-
tane: 1H,*,, 1H,*,, 1H,*. and 1H,*,. Bond lengths (A) obtained at the
MP2/6-311++G(d,p) level.

H+H = 1H,", AHW(1X), AG(1X) (1x)

Species 1H,*, is a van der Waals (ion-dipole-induced)
complex between 1-adamantyl cation and dihydrogen, while
1H,*, and 1H,*_ are two isomeric, nearly degenerate com-
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plexes between 2-adamantyl cation and dihydrogen. Our re-
sults strongly support those reported in ref. [15]. Ton 1H,*,
was not described in this reference, however. A more de-
tailed analysis of the origins of these species is given below.

Reliable experimental standard enthalpies of formation
are available for 1H, 1-Ad*,” and 2-Ad*["¢ in the gas
phase. This allows us to compare computational and experi-
mental data for reactions (2a) and (2b).

1H + H" — 1-Ad* + H, AH°,(2a), A,G",(2a) (2a)
1H + H" — 2-Ad* + H, AH°,(2b), A,G°,(2b) (2b)
The calculated results (Table 1) show excellent agreement

with the experimental data and thus lend credence to the re-
sults obtained in cases where the available data are only

Table 1. Experimental and calculated™ values of the standard enthalpy,
Gibbs energy, and electronic-plus-nuclear energy changes [kcalmol '] for
reactions (2a) and (2b).

Reaction A H°,(caled) AH°,(exptl) A.G°(caled) A E,(calcd)
2a —171.5 —171.44090 1739 —170.7
2b -161.0 —161.7+£1.407 1643 —160.3
[a] MP2/6-311 4+ G(3df,2p)//MP2/6-311++G(d,p)  values. [b] Using

AHC[TH(g)] = —31.95+0.89 kcalmol L. [c] AH®,[1-Ad*(g)]=162.3+
0.3 kcalmol™', from ref. [30] and references therein. [d] AH°,[2-
Ad*(g)]=171.94 1.1 kcalmol ™", from ref. [11g] and references therein.

computational. In this and other tables, the reported values
of A.H°, and A,G°,, are computed at the standard tempera-
ture of 298.15 K. We also report A.E,, the electronic-plus-
nuclear change in the process. This is the change in energy
without inclusion of the translational, rotational and vibra-
tional contributions.

The changes in the standard thermodynamic state func-
tions for reactions (1a)—(1d) computed at this level are sum-
marized in Table 2.

Table 2. Calculated® values of the standard enthalpy, Gibbs energy, and
electronic-plus-nuclear energy changes [kcalmol™'] for reactions (1a)-
(1d).

Reaction AH°(calcd) A,G°(caled) AE(calcd)
1H+H*—1H,%, (1a) —-171.0 —169.8 —-171.7
1H+H*—1H,*, (1b) —160.6 —159.8 —161.4
IH+H*—1H,* (Ic)  —160.6 ~159.8 —161.4
IH+H*—1H,*, (1d)  —162.0 ~157.0 —165.4

[a] MP2/6-311++ G(3df,2p)//MP2/6-311 ++ G(d,p) values.

Formally, species 1H,*, (the most stable of all four), 1H,*,,
and 1H,*, are products of H protonation of 1H. 1H, " is an
adamantonium ion, generated by C protonation of a C-C
bond. Interestingly, the ranking of stabilities of these ions
depends on the energetic criterion chosen. Thus, in terms of
AE,, or AH°,, the order in stability is 1H,",>1H,* ;>
1H,*,~1H,*, but 1H,*,>1H,* ~1H,* ,>1H,*, in terms
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of A.G°,. This situation reflects the fact that the van der
Waals adducts have appreciably larger molar entropies (but
lower zero-point vibrational energies) than the C-adamanto-
nium ion. This is a consequence of the looseness of the com-
plexes leading to five vibrational modes of low frequency
(see Supporting Information).

Reaction (3a) is the decomposition of ion 1H,*, to yield
1-adamantyl cation and dihydrogen.

1H,", — 1-Ad* +H, AE,, AH°,, AG", (3a)

The quantities A E(3a), AH°,(3a), and A,G°,(3a) can
be obtained from the data for reactions (1a) and (2a). They
are found to respectively amount to 1.1, —0.4, and
—4.5 kcalmol ™. This implies that, while the interaction be-
tween the 1-adamantyl and dihydrogen moieties in 1H,™, is
feebly stabilizing, population of the vibrational levels at
298 K favors its dissociation. A similar situation prevails in
the cases of reactions (3b) and (3c).

1H,*, — 2-Ad* + H, AE,, AH°,, NG, (3b)
1H,", - 2-Ad* + H, AE,, AH°,, AG",, (3c)
Here we obtain AE,(3b)=1.1, AH°,(3b)=-04,

AG°,=—5.0kcalmol™! and AE,(3c)=1.1, AH°,(3c)=
—0.4, A,G°,,(3¢c)=—5.0 kcalmol ..

Consider now the protonation of 1H by a protonated ref-
erence base B, H* [reaction (4)].

1H + BrefH+ - 1H2+x + Bref (4)

As can be deduced from the above discussion, the prod-
ucts obtained depend on the acidity of B,,H". More pre-
cisely, bases with a gas-phase basicity GB of 158 kcalmol™
or less should be able to lead to all the stable species 1H,*,
mentioned above. Also, because species 1H,*, (x=a, b, ¢)
can so readily decompose to yield cations 1-Ad*t and 2-Ad*,
it is to be expected that these isomeric ions will be the main
species experimentally observed. However, as shown below,
it is by no means obvious that species 1H,* will decompose
so easily.

Transition states and reaction paths: In addition to the pre-
vious protonated adamantane structures, there are two more
C-protonated species. They were also reported in refer-
ence [15] We also confirm their structures, which are shown
in (Figure 3) as 1H,*, and 1H,*,.

The energetics for reactions (le) and (1f) are summarized
in Table 3.

Exploration of the potential energy surfaces by the QST3
method showed that these structures are transition states
linking several of the previously found stable isomers. The
energetics of reactions (5) and (6) are given in Table 3 and
Figure 4.

1H,"y — 1H,"(TS) — 1H,", (5)
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Figure 3. Structures formed by direct C protonation of 1H (bond lengths
in A).

Table 3. Experimental and calculated® values of the standard enthalpy,
Gibbs energy, and electronic-plus-nuclear energy changes [kcalmol™] for
reactions (le) and (1f).

Reaction AH°, (calcd) A.G°,(caled) AE(calcd)
1H+H*—1H,*, (le) —154.1 —148.0 —156.3
1H+H*—1H,%, (1) —151.3 —145.3 —153.3

[a] MP2/6-311 4+ + G(3df,2p)//MP2/6-311 + 4+ G(d,p) values.

1H,"y — 1H,"(TS) — 1H,", (6)

Salient features of these results follow:
Reaction (5):

1) The Gibbs activation energy A.G’(5) for reaction (5) of
9.0 kcalmol ! is too high to be overcome by thermal ex-
citation at temperatures close to 298 K. However, the re-
action between 1H and B, H' may have sufficient
excess energy to permit the barrier in Figure 4 to be sur-
mounted. In this case, the final products would be the 1-
adamantyl cation and dihydrogen because (as shown
below) isomer 1H™, is nearly isoenergetic with 1-Ad™* +
H.,.

2) Ions B,H* derived from bases with GB < 143 kcalmol *
(see Tables 1 and 3) can in principle lead to direct pro-
tonation of a tertiary carbon atom. The species formed
in this case is 1H,*,, and the formation of 1H,*, (fol-
lowed by its decomposition) would be observed again.

3) From the structural point of view, the difference in sta-
bility between 1H,*, and 1H,™, can be understood by
considering the structures of 1H and 1-Ad* (Figure 5).
A salient feature is the flattening of the pyramid
C1C2C2'C2", as measured by the reduction of the angle
o (Figure 5 and Table 4). This reduction originates in the
nearly sp? hybridization of C1 in 1-Ad*. In the case of
1H,*, the value of a is very close to that in 1-Ad*. On
the other hand, there is practically no difference between
the a values for 1H and 1H,*,. In the latter case, the rel-
atively tight bonding of the two hydrogen atoms to C1
seems to act as a source of destabilization. Indeed, the
imaginary frequency (201.6 cm™') corresponds to a tor-
sional motion of the incipient dihydrogen molecule
breaking the relatively strong bond between CI1 and its

Chem. Eur. J. 2006, 12, 5505-5513


www.chemeurj.org

Proton-Assisted Bond Activation in Gaseous Hydrocarbons FU LL P APE R

secondary H-carbenium
ions."*1% Interestingly, it was
experimentally found that the
most stable structures of both
protonated propane and isobu-
tane correspond to the van der
Waals (ion-induced dipole)
complexes between alkyl ions
and H,.! Also shown was the
preferential protonation in the
C—C bond of n-alkane mole-
cules containing 9-30 C
atoms.” The protonation of iso-

29 butane, isopentane, and other

2 isoalkanes in superacid media,
@ .

in contrast to n-alkanes, gave a

: ¢ tertiary alkyl cation and dihy-

s f‘ drogen as the predominant pro-

[7d]

i

ducts. The present results

9 =
I th h ibl
Py e suggest : at whenever poss¥b e,
E LR TR TR TR I G prOtonatlon preferentlally
-12.8 _+‘ occurs at tertiary C-H bonds
1H, instead of C—C bonds or pri-

Figure 4. MP2/6-311+G(3df2p)//MP2/6-311+G(d,p) energetics diagram of the reaction channels starting mary and secondary C-H
from C—C-protonated 1H species 1H,*,. All values in kcalmol™'. bonds (and secondary C—H

bonds are preferred over C—C
bonds or primary C—H bonds).

Reaction (6):
1) One of the main contributors to the driving force in reac-

tion (6) is the considerable stability of 2-Ad™, a nonclass-
ical carbenium ion portrayed in Figure 6, Y in which the

1H 1-Ad"

Figure 5. Definition of the angle a in adamantane hydrocarbon and 1-
adamantyl cation (% is the distance from Cl to the plane defined by
carbon atoms C2C2'C2"; d is the distance between Cl and any of C2,
C2', C2").

Table 4. Values of the angle « [°] defined in Figure 5.

Species a Species a 2-Ad"
1H 19.4 1H,*, 8.0
1H,*, 16.1 1-Ad+ 79 Figure 6. Optimized MP2/6-311++G(d,p) structure of 2-adamantyl
cation. The nonclassical feature is highlighted.
“nonclassical feature” is emphasized by bold lines. The
energetic barrier for reaction (6) is some 3 kcalmol™
two directly bound hydrogen atoms (C—H stretching fre- higher than that for reaction (5), irrespective of the ener-
quencies of ca. 1900 cm™). getic property taken as descriptor of stability. Thus, one
can expect again that this reaction will take place only
Overall, these results follow the same trends already when the energy released by the formation of the colli-
found for proponium and butonium cations, that is, the van sion complex is sufficient or (more likely) when the acid-
der Waals complexes of H, and tertiary or secondary carbe- ity of B,;H™" is high enough to efficiently overcome this
nium ions are more stable than the respective tertiary or barrier.
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2) Detailed examination of the evolution from 1H,*, to
1H,*, through 1H,", indicates that the hydrogen atoms
constituting the dihydrogen molecule bound to 2-ada-
mantyl cation in 1H,*, are those pre-existing in neutral
1H, and that the hydrogen atom close to the correspond-
ing secondary carbon atom in 1H,* is precisely the one
“trapped” between C1 and C2 in 1H,*,.

Origins of ions 1H,%, and 1H,*.. As shown in Table 2,
these species are almost degenerate. They both should read-
ily decompose to yield dihydrogen and 2-adamantyl cation.
Species 1H,™, ultimately originates in the decomposition of
1H,*, formed by protonation of a C1-C2 bond. On the
other hand, 1H,"_ is formed by H protonation of a secon-
dary hydrogen atom on the same C2 (for numbering, see
Figure 1). The activation barrier for the reaction 1H,* .—
1H,*, amounts to 5.5 kcalmol ! in terms of A,E,,. This value
is rather high when compared to those for reactions (3b)
and (3c) (essentially barrierless) and strongly suggests that
species 1H,*, and 1H,*_ will decompose rather than inter-
convert. The origin of this barrier is as follows:

Figure 2 shows that the nonclassical features of 1H,", and
1H,*, only have one carbon atom in common, namely, the
same C2 pertaining to the above-mentioned C1—C2 bond.
The barrier essentially reflects the skeletal rearrangement
involved in the isomerization process.

Experimental Results and Discussion

Experimental kinetic results: The experimental study of pro-
tonation reaction (4) by the above-mentioned method shows
that for a given pressure of B, the rate of disappearance of
B, H* cleanly follows pseudo-first-order Kinetics, as given
by [Eq. (8a)] where Ig..q, is the intensity of the B, H* ion,
and ¢ reaction time.

(IBrefH+)t = (IBreﬂ-H)O exp(_klt) (83‘)

Values of k; were obtained as the slope of the logarithmic
form of this equation. The second-order rate constants k,
were obtained by dividing k; by the partial particle density
(moleculescm ™) of 1H and using at least six different pres-
sures.

Similarly, the rate of formation of the product ions with
m/z 135 (and 136) follows pseudo-first-order kinetics, de-
scribed by an expression such as Equation (8b).

(135): = (L13s)im[1—€xp(—k,t)] (8b)

Representative experimental results are shown in
(Figure 7), and full details are given in the Supporting Infor-
mation. The experimental constants k; and k, are given in
Table 5.

The ion gauge was calibrated by measuring the rate con-
stant for reaction (9)P**! which is reported to be (2.30+
0.29) x 10~ cm®*molecule s~

[CH,OH]* + CH,OH — CH,O + CH,OH,* (9)

Normalized lon Intensities

Figure 7. Example of experimental kinetic plots for the reaction between
adamantane and H;O". B, is H,0. P(1H)=7.8x 107’ mbar, P(H,0)=
3.4x107" mbar, P(Ar)=1.9x10° mbar.

Table 5. Experimental reaction rate constants for reaction (4) and the formation of 1-Ad* and 2-Ad*.

B GB(B,)"! Ky pit k"l Pl

CH, 1244 253+£15 1.000+0.060 249415 0.984 £0.060
C,H, 155.7 193+1.4 0.939 +£0.066 19.6+1.4 0.953 £0.060
(CF;),CHOH 156.8 10.3£0.5 0.919+0.047 10.2+0.5 0.911+£0.046
H,O 157.7 18.6+1.3 0.777£0.053 18.1+1.3 0.759£0.059
C,HCllf 159.4 7.94+0.33 0.539+0.022 7.68+£0.31 0.522+£0.020
CF;CH,OH 160.1 5.08+0.21 0.395+0.016 4.84+0.20 0.378 £0.015
1,2,3,4-CH,F, 160.8 3.41+0.21 0.296+£0.017 3.32+0.20 0.288+£0.017
CF,COOH 162.7 3.29+0.20 0.264+£0.016 3.23+£0.20 0.261+0.016
H,C(CN), 165.9 227+0.12 0.149+0.008 217+0.11 0.156 £0.008
CCI;CH,OH 167.0 1.48£0.06 0.128+£0.05 1.44+0.09 0.124+0.05
CF;CO,CH; 169.6 0.61+0.03 0.05140.02 0.60+£0.03 0.050£0.002
CF;CO,C,H; 174.0 0.49+0.04 0.025£0.002 0.47+0.03 0.024 £0.002
CH;CN 178.8 0.27+0.02 0.0153+0.009 0.26 £0.02 0.0150£0.009
HCO,C,H; 183.7 0.17+0.02 0.012+0.001 0.16+£0.01 0.011+£0.001
CH;COCH; 186.9 0.071£0.006 0.0047 +0.0004 0.070 £0.006 0.0047 £0.0004
CH;COOCH; 189.0 0.0046 +0.0009 0.0033 +0.0006 0.0050+0.0009 0.0036 +0.0007

[a] From ref. [38] unless otherwise stated. [b] In units of 107" cm® molecule ' s™". [c] Defined as p = (ky/keon)/(kilKeop)max-"2*"! [d] Defined as p= (ky/
keon)/ (Kol Keon)max- 22" [e] This is formal, as ethyl cation was generated from CH,. [f] From reference [39].
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This is the average value of the experimental rate constants
reported in the literature (see Supporting Information). This
value is consistent with the collision rate constant k.,(4)=
2.04x107° cm’molecule 's™' estimated by the ADO
model.?*! The correction factor thus derived under our
working conditions was 2.434+0.24 (considering a 10% un-
certainty in the experimental rate constant).”™ The ob-
served rate constant for reaction (10) was corrected with
this factor and the corresponding sensitivity factors S, (rela-
tive to nitrogen) for methanol (1.7640.02)P and 1H
(7.89+0.32, see above).

CH;* + 1H — CH, + 1H,", (10)

This leads to a value of (2.53+0.26) x
10~ ecm®molecule 's™!, which we assume corresponds to the
collision rate for this reaction k.,;(10). The k., (10) calculat-
ed on the basis of the Langevin model®™ is 2.57x
10~ cm*molecule 's™!. The experimental and calculated
values are thus extremely close. Note that quadrupolar mo-
ments lead to k., values larger than those predicted by the
Langevin model®” but the high symmetry (7,) of 1H makes
this molecule devoid of nonzero quadrupolar and octupolar
moments.

The experimental results are summarized in Table 5,
which lists experimental values of k, for reaction (4) and k,
for the formation of ions with m/z 135 (and the m/z 136 and
137 isotopic peaks) through decomposition of 1H,* .

The average relative uncertainties in p values are estimat-
ed at 10-15% (twice the standard deviation). However, for
very slow reactions, they are larger, reaching 20% for the
three most basic references. Reassuringly, the experimental
p values for k; and k, agree within 5% for all the B,.. The
reason is that the most abundant ions (by far under our
working conditions, see below) obtained from the decompo-
sition of the 1H,*, species are the isomeric 1-Ad* and 2-
Ad*. They have m/z intensities of 135 (100%), 136
(10.8%), 137 (0.06 % ).

Expected and observed thermokinetic pattern for protona-
tion of 1H: Having evaluated computationally the gas-phase
basicities of the different basic sites of 1H, it is tempting to
use these results to estimate its rate of protonation in the
gas phase.

Consider the proton transfer between base M and refer-
ence base B, [reaction (11)].

M + [BrefH]+ - [MH]+ + Bref ArGOm(ll) (11)

Some years ago, an important paper by Bouchoux
et al.P%] drew attention to the fact that a correlation of the
form of Equation (12) is observed between the experimental
rate constant for this reaction k, and the standard Gibbs
energy change for reaction (11) A,G°,(11) [Eq. (12)], where
k.o is the collision rate constant, and A,G°, is an apparent
activation energy for reaction (11), which is expected to be
small and independent of the base B, A,G°,(11) the differ-
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ence between the gas-phase basicities of B,; and M
[A.G°,(11) =GB(B,y)—-GB(M)], and p the “reaction effi-
ciency” of the process.

p = ko/ken = /[ + exp(A,G (1) + A,G°)/RT]  (12)

Although reaction (11) occurs at low pressure and thus
under single-collision conditions for which a temperature
cannot be maintained by gas collisions, Bouchoux et al. as-
cribed an effective temperature 7* to the collision complex,
in a manner similar to that of Cooks®** in the kinetic
method. An effective temperature of about 550 K appears
to describe adequately most experimental results. Bouchoux
et al. parameterized Equation (12) in terms of parameters
that depend only on the properties of M and not on the
nature of the base and thus suggested the use of Equa-
tion (13) as a general expression for the study of the rela-
tionship between p and A,G°,,(11).

p=a/[l +exp[b(A,G"(11) + ¢)] 13)
= a/[1 + exp[b(GB(B,;)—GB(M) + ¢)]

It was found that, in general, the normalization factor a is
equal to 0.90%+0.05 and b=1/RT* amounts to 092+
0.23 kcal 'mol. c=A,G°, is in the range 0.6-1.4 kcalmol .

Let us assume that GB(M) is unknown. Fitting the experi-
mental p values for proton transfer from series of protonat-
ed reference bases B, ;H* to M through Equation (13) pro-
vides a means for its determination. This method has been
quite successful, particularly when standard methods fail.**")

Here we apply this treatment to the protonation of ada-
mantane by a series of reference bases B,.;. We use the com-
puted values of A,G°,(la), A.G°,(1b), A.G°,(1c), and
A.G°,(1d) to estimate GB(1H). The previous discussion
shows that 1H acts as a molecule with different basic sites.
Thus, trying to apply Equation (13) to all of them introduces
such a large number of adjustable parameters that the treat-
ment becomes meaningless. Therefore, we devised a model
that considerably simplifies the situation. The basic assump-
tions are as follows:

1) We treat 1H as isotropic and assume that, in principle,
collisions with all hydrogen atoms and C—C bonds are
equally possible. Therefore, out of 28 possible collision
sites, four involve hydrogen atoms bound to tertiary
carbon atoms, 12 involve hydrogen atoms bound to sec-
ondary carbon atoms, and 12 collisions will be with C—C
bonds.

2) Considering that A.G°,(1b), A.G°,(1c), and A,G°,(1d)
are similar, we take their average of 158.4 kcalmol ' as
an “average gas-phase basicity” for two of the basic sites
(hydrogen atoms bound to secondary carbon atoms and
C—C bonds).

3) A,G°,(1a), which describes attack at a hydrogen atom
bound to a tertiary carbon atom, is 170.4 kcalmol™! and
is significantly different from the “average GB” value.
This is taken as the second apparent basicity of 1H.
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4) Protonated bases B, H*' generated from bases with GB
values of less than approximately 153 kcalmol ™' are thus
expected to react practically at collision rates with any of
the basic sites of 1H.

5) Proton donors B, H* generated from bases with GB
values of about 165 kcalmol ™" or less will react practical-
ly at collision rates only with the hydrogen atoms bound
to tertiary carbon atoms.

On account of the above, we used Equation (14) for a
simplified treatment of the experimental data wherein p,
and p, are respectively given by Equations (14a) and (14b).

pP=p1+p (14)
pr = (6/7)/{1 + exp[b(GB(B,)—GB, (1H)) + ¢ ]} (14a)

p2 = (1/7)/{1 + exp[b(GB(B.) ~GB,(1H)) + c,]} (14b)

The coefficients 6/7 and 1/7 are normalization factors (equal
to 24/28 and 4/28, respectively). On account of the experi-
mental results given in Table 3, we took a=1.0. Then we op-
timized the values of b, c;=A,G°,(14a), and ¢,=A,G°,(14b),
and found b=1.009+0.078 (corresponding to T*=500+
39K), ¢;=0.76+0.09, and ¢,=—0.76 +0.78 kcalmol . These
results seem quite reasonable considering the computational
results and the range of usual values for 7*. Furthermore,
the magnitudes and signs of, as well as the uncertainties in,
¢, and ¢, indicate that they are consistent with processes in-
volving low activation barriers and quite comparable to the
uncertainties inherent to the estimated values of GB,(1H)
and GB,(1H).

The py, p,, and p=(p,+p,) functions displayed in Figure 8
correspond to a=1.0 and to the optimized values of b, ¢,

0.8
0.6 1
0.4 1

0.2 1

0.0 1

120 130 140 150 160 170 180 190
-1
GB(B_Jkeal mol
Figure 8. Plot of reaction efficiency p versus GB(B,,;) showing the decon-
volution of the global observable into partial efficiencies. Experimental

data and functions p;, p,, and p;+p,. Values optimized are b, ¢, and c,
(see text).
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and c,. Also presented are the experimental data points for
the rates of proton transfer from the various protonated ref-
erence bases to 1H. The correlation is rather satisfactory
(R*=0.995).

There is a formal similarity between some results of this
work and the classical, time-honored reaction rate constant
versus pK, profiles.*”] They are quite useful for mechanistic
studies in solution. We believe that this modified extension
to the gas phase also holds some promise.

Conclusions

By using ab initio calculations, thermodynamic data for the
protonation of adamantane in the gas phase were obtained.
Whenever a comparison was possible, the agreement with
experimental data was good.

By the same means, we have analyzed the reaction paths
followed by the various species obtained in the protonation
processes.

Fourier transform ICR spectrometry was used to deter-
mine the rate constants for proton transfer from 16 pro-
tonated reference bases to 1H in the gas phase. Also deter-
mined were the rate constants for the formation of ionic
products in these reactions.

The experimental reaction rates were successfully predict-
ed (see Figure 8) according to a simple mechanistic model
based on the relative basicities of the different protonation
sites of adamantane and in the reaction path followed by
the species thus generated.

There is a formal similarity between some results of this
work and the classical, time-honored reaction rate constant
versus pK, profiles. They are quite useful for mechanistic
studies in solution. We believe that this modified extension
to the gas phase also holds some promise.
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