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of Tetra-zert-butyltetrahedrane
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Abstract: The gas-phase basicity (GB) of tetra-fert-butyltetrahedrane (Bu,THD)
was determined by FT-ICR mass spectrometry and comparison with reference

compounds of known basicity. Its GB, 1035+ 10 kJmol~!, makes tetra-tert-butyl-
tetrahedrane one of the strongest bases reported so far. Ab initio calculations
[B3LYP/6-31G(d) and B3LYP/6-311 + G(d,p)//6-31G(d)] have been carried out in
order to compare the high experimental basicity of rBu,THD with that estimated
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theoretically. Both B3LYP/6-31G(d) and QCISD(T) calculations were used to
determine the reaction path which connects the initial tetrahedrane —ammonium
complex with the final products, protonated cyclobutadiene (CBDH™) and ammonia.

Introduction

The problem of synthesizing tetrahedrane (THD, see ref. [1]
for the abbreviations used throughout this study) was
recognized more than half a century ago. It stimulated an
intensive search to find a method of preparation from suitable
precursors,?l and eventually resulted in the isolation and
complete structural characterization of tetra-tert-butyltetra-
hedrane (1Bu,THD).?>! Although the energy required to
break the C—C bond of THD is a mere 42 kJmol~! (DZ +P
basis set with electron correlation),”l as a result of the
enormous angular strain (Eg, = 585 kJmol~!, HF/6-31G*),[
numerous ab initio and semiempirical calculations?®#l con-
sistently indicate high kinetic stability of tetrahedrane in the
absence of other reactants. In fBu,THD and in other recently
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prepared, very stable derivatives of tetrahedrane,” ! the
above-mentioned lability is circumvented by means of spatial
shielding of the tetrahedrane framework by four bulky groups,
the so-called “corset effect”.[24 1]

Although high-level theoretical calculations (G2) predicted
THD to be a superbasel'® with a proton affinity (PA) at 298 K
of 1053 kI mol~! (as well as a very strong carbon acid),l'”) no
experimental data on the basicity of tetrahedranes existed.
Two properties of tBu,THD relevant for this study have to be
kept in mind: firstly, tBu,THD is higher in energy than tetra-
tert-butylcyclobutadiene (rBu,CBD). NMR experiments al-
lows one to conclude that the amount of tBu,THD in the
thermal equilibrium with tBu,CBD is <1%; therefore, AG®
should be >10 kJmol~LP! The transformation of the tetrahe-
drane into the cyclobutadiene has an activation barrier of
AH*=107 £10 kJmol~'.F Secondly, Bu,THD forms the
homocyclopropenylium ion tBu,CBDH™ upon treatment with
gaseous HCI. The structure of tBu,CBDH™ has been deter-
mined (Scheme 1).2¢ 18 This paper will report the experimen-
tal evidence of the tremendous basicity of this compound and
theoretical calculations that will explain the origin of the
observed results.
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Scheme 1. Reactions of tBu,THD.
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Results and Discussion

Experimental results: The gas-phase basicity, GB, of a base B
is formally defined as the standard Gibbs free energy change
according to the reaction given in Equation (1), the corre-
sponding proton affinity, PA, being the standard enthalpy
change for the same reaction.
BH*(g) — B(g)+H*(g) AG°=GB; AH° =PA 1)
The FT-ICR experiments provide the standard Gibbs free
energy changes, AGB, pertaining to the proton exchange
reaction between B and a reference base, B, [Eq. (2)]. For
this equilibrium, Equation (3) is valid.

5.0 kJmol~! resulted, with tBu,THD being a stronger base
than 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene. The gas-
phase basicity of tBu,THD should be 1035 4- 10 kJ mol~. This
GB value establishes tBu,THD as a superbase in the gas

phase.

Computational results and thermodynamic aspects: As we
discussed in our theoretical paper,'® protonation of THD
does not yield THDH' (which we have now verified to have
no minimum in the potential energy surface) but CBDH*
instead. Likewise, protonation of (Bu,THD leads to the
Bu,CBDH" cation (m/z 277). All the calculated stationary
minima are reported in Table 1 and the corresponding energy
profile for the parent system is given in Figure 1.

B(g)+B.H'(g)=BH"(g)+B.(g) AG"=AGB @ 1
AGB =GB(B,,) - GB(B) = —RTInK, 3) QZ; +H*
4 2

The FT-ICR experiments do no lead directly to proton p— T
affinities. The determination of PA therefore requires an 2 | 3 H 101.9 T
independent estimation of the entropy change of the reaction 4 1 :-' (1*29'2) 11138
given in Equation (1). T ------------------------------ (1120.0)

Several strong reference bases were used.'”] With
N,N,N',N'-tetramethylguanidine (GB=9974 kJmol~') and 10119

weaker bases, tBu,THD behaves as a stronger base and no
equilibrium was reached. In all cases, the peak in the mass
spectra corresponding to protonated tBu,THD (m/z 277) was
the predominant one, and the peak of the corresponding
protonated reference bases disappeared with time, slowly (at
~60 s) in the case of N,N,N',N'-tetramethylguanidine. These
results indicate that /Bu,THD is a very strong base in the gas
phase.

To obtain an estimation of the GB of tBu,THD, we used
one of the strongest bases commercially available, 7-methyl-
1,5,7-triazabicyclo[4.4.0]dec-5-ene, whose basicity was meas-
ured by Gal etal® who found a GB value of
1030.2 kI mol~L11]

There is a slow proton transfer from the protonated
reference base to rBu,THD; equilibrium is reached within
~15-60s. An average K|, value of 5.8 was obtained, and from
this a AGB between the reference and (Bu,THD of

Figure 1. Energy profile for the parent compounds from B3LYP/6-31G(d)
and QCISD(T) calculations (in parentheses). All values are given in
kJmol-1.

Note that in Table 1 the comparison of THD and tBu,THD
quantifies the thermodynamic part of the “corset effect”.[2d 3]
Among the parent compounds, CBD is 101.9 kJ mol~! more
stable that THD, while the situation seems to be reversed for
the tetra-tert-butyl derivative: rBu,THD is calculated to be

Table 1. Absolute energies [Hartree; 1 Hartree =2625.50 kJ mol '] and relative energies [kJmol~'] of the molecules discussed in the text.

B3LYP/6-311 + G(d,p)//6-31G(d)

QCISD(T)/6-31G(d)//B3LYP/6-31G(d)

Absolute energies B3LYP/6-31G(d)
THD —154.636663 —154.681029 —154.156754
CBD —154.675462 —154.721129 —154.205969
CBDH* —155.060871 —155.095893 —154.583324
tBu,THD —783.683294 —783.887075
tBu,CBD —783.680716 —783.887546
tBu,CBDH* —784.141692 —784.340987
NH; —56.547948 —56.372146
NH,* —56.893889 —56.719669
Relative energies
E(THD) — E(CBD) 101.9 105.3 129.2
E(THD) — E(CBDH") 1113.8 1089.2 1120.0
E(CBD) — E(CBDH") 1011.9 983.2 990.8
E(:Bu,THD) — E(rBu,CBD) -6.8 12
E(rBu,THD) — E(rBu,CBDH™) 1203.5 1191.7
E(rBu,CBD) — E(tBu,CBDH") 1210.3 1190.5

[a] Since the energy of H* is null, we have not included it in the relative energies.
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6.8 kJmol~! more stable than (Bu,CBD at the B3LYP/6-
31G(d) level. This is in contrast to earlier force-field?!! and
semiempirical (MNDQO)®? calculations as well as to exper-
imental findings (see previous discussion).”] When the
calculations are carried out at the B3LYP/6-311 + G(d,p)//6-
31G(d) level, these values become 105.3 and —1.2 kJmol~},
respectively. The latter value agrees fairly well with the
experimental result (= — 10 kJmol ).

The use of QCISD(T)/6-31G(d)//B3LYP/6-31G(d) leads to
a profile (Figure 1, values in parentheses) for the parent
compound, which is similar to that of the B3LYP calculations,
although the difference between CBD and THD is increased
by up to 129.2 kI mol~1.

The enthalpies and Gibbs free energies at 298 K obtained
from the B3LYP/6-31G(d) calculations are given in Table 2.
From this data, we can estimate GB values for THD and
tBu,THD to be 1050.9 and 1134.7 kI mol~1, respectively. The
calculated gas-phase basicity of rBu,THD is higher than the
experimentally determined GB of 1035+ 10 kJmol~!. The
corresponding values of the proton affinity for THD and
tBu,THD obtained at the same level of theory are 1080.2 and
1171.2 kJ mol~}, respectively.

In order to assess the influence of the basis set on the
computed GB and PA values, we have carried out single-point
calculations at the 6-311 + G(d,p)//6-31G(d) level which gives
GB values for THD and Bu,THD of 10263 and
1122.9 kI mol~, respectively. The calculated GB value for
tBu,THD decreased by ~12 kJmol~' and is closer to the
experimental value of 1035 + 10 kJmol~'. The PA values for
THD and tBu,THD obtained at this level of theory are, 1055.7
and 1159.4 kI mol !, respectively. The PA of THD is very close
to the previously calculated value at the G2 level of
1053 kJ mol -0l

In conclusion, B3LYP calculations, at the level we have
used, cannot yield absolute GB or PA values. A very large
basis set, prohibitive for molecules of the size of Bu,THD,
should be used. Nevertheless, the theoretical results confirm
that rBu,THD is a superbase in the gas phase.

Mechanistic aspects and transition states: We have studied the
very exothermic reaction between THD and NH," in detail.
As can be derived from the B3LYP/6-31G(d) energies given in
Table 1, the energies of the final products (CBDH* and NHj)
are 205.5 kJmol~! below the reactants. Unless there is a
kinetic control, that is, a very high activation barrier, it is
expected that the reaction occurs spontaneously.

The potential surface presents two stationary points, A and
B (Figure 2). The analysis of the frequencies of the harmonic
vibrations shows that A corresponds to a minimum (ion-
induced dipole complex) and B to a transition state (TS1).
The energy of the transition state is 3.8 kJmol~! above the
minimum and 52.7 kJmol~' below the isolated reactants

Figure 2. Geometries corresponding to B3LYP/6-31G(d) calculations of
the two stationary points: the minimum THD---NH," (A) and the
transition state TS (B).

(THD and NH,"). This kinetic data, a negative potential
barrier with respect to the isolated reactants and extremely
small with respect to the ion-induced dipole complex, clearly
shows that the protonation of THD by ammonium is a process
which takes place spontaneously with concomitant isomer-
ization to CBD.

When these energies were calculated at the QCISD(T)/6-
31G(d) level, the values were strikingly similar: the exother-
micity, —207.5 kJmol~! (see Table 1), the barrier with regard
to the minimum 2.5 kJ mol~!, and barrier with regard to the
isolated reactants —48.1 kJmol~!. The small difference exist-
ing between the two stationary structures, at both levels of
theory, indicates that the potential surface in this zone of the
reaction path is very flat. Consequently, small energetic
changes are associated with much larger geometric changes.

Table 2. Enthalpies and Gibbs free energies [Hartree; 1 Hartree =2625.50 kJmol ).

B3LYP/6-31G(d)

B3LYP/6-311 + G(d,p)//B3LYP/6-31G(d)

Minima Hgl?! G Hyogl®! G

THD —154.573205 —154.601960 —154.617571 — 154.646326
CBD —154.610715 —154.639448 —154.656382 — 154.685115
CBDH™" — 154.982285 —155.012214 —155.017305 — 155.047232
tBu,THD — 783.152453 —783.231320 —783.356233 —783.435100
tBu,CBD — 783.147653 —783.222528 — 783.354483 — 783.429358
tBu,CBDH" —783.596174 —783.673517 —783.795469 —783.872811

[a] Enthalpy values were obtained from the absolute energies and the corresponding ZPE values and thermal corrections, evaluated at the B3LYP/6-31G(d)
level. ZPE values were scaled by the empirical factor 0.9806.1* [b] Gibbs free energy values were obtained from the enthalpy values and the corresponding

entropy values, evaluated at the B3LYP/6-31G(d) level.
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Table 3. Bond lengths [A] and total energies [Hartrees; B3LYP/6-31G(d) results] of the species shown in Figure 2.
Cl-C4 Cl-C2 C1-C3 C4-C2 C4-C3 C2-C3 Cl-H C4-H H-N Energy

THD 1.479 1.479 1.479 1.479 1.479 1.479 1.073 1.073 - —154.636663
Minimum A 1.516 1.477 1.477 1.477 1.477 1.470 2.148 2.148 1.069 —211.552028
TS B 1.508 1.510 1.438 1.467 1.541 1.454 2271 1.950 1.073 —211.550625
CBDH* 1.513 1.7721] 1.388 1.513 2.200 1.388 1.090 1.082 - —155.060871
CBD 1.578 2.0670 1.334 1.334 2.0671 1.578 1.084 1.084 - —154.675462

[a] Nonbonding distances

Geometrically,?¥ the most important difference between
the two stationary structures A and B is the relative position
of the ammonium cation with respect to the THD molecule
(Table 3). In the ion-induced dipole complex A, the distance
between ammonium and THD is slightly greater than 2A
(dey=212-2.15 A), whilst in transition state B, the ammo-
nium has already moved towards one of the THD carbons
(deyy =1.95 and 2.27 A). Therefore, the reaction starts by an
attack of the N*—H towards one of the “edges” of THD, then
the cation moves towards one of the corners of this edge (TS),
and is followed by proton transfer. That the first step in
protonation occurs on the edge was already known for
tetrahedrane and other cage compounds, such as cubane
and its derivatives.'> %]

The “reaction-path-following” method®! showed that after
the TS, the C4—C3 bond breaks first, then the proton transfer
starts, and finally the second C—C bond (C1 - C2) breaks.

Conclusions

Once Bu,THD is protonated, the resulting cation is very
stable; the basicity of fBu,THD represents a record value. The
experimental value for the gas-phase basicity of tBu,THD is
close to the calculated GB of the parent molecule, THD. In
the case of the model compound, THD, the profile of the
reaction from THD---NH," to CBDH":--NH; has been
explored with ab initio calculations.

Experimental Section

Experimental determination of the gas-phase basicity of tetra-ters-butyl-
tetrahedrane: An improved synthesis of tetra-tert-butyltetrahedrane
(rBu,THD) has been described.?”! The experimental study of its gas-phase
basicity was carried out by means of FT-ICR mass spectrometry®! with a
modified Bruker CMS 47 mass spectrometer®! used in previous studies.[*"]
A detailed description of the main features of this instrument is given in
references [29, 30a]. The main modifications with respect to the standard
instrument are given in reference [30a] The substantial field strength of its
superconducting magnet, 4.7 T, allows the monitoring of ion—molecule
reactions for relatively long periods of time, up to 120 s in some cases. A
sufficiently long residence time of the ions in the cell is important whenever
thermalizations of the ions is relevant, as in equilibrium studies.?!) The ions
are thermalized through collisions with the neutral species and radiation
change with the surroundings.*!]

As in our previous studies, the equilibrium constant, K,, for the reaction
given in Equation (2) was determined as follows: briefly stated, mixtures of
B..«(g) and rBu,THD(g) of known partial pressures (total pressures in the
range 5x 1077 to 5x 10~°mbar) were introduced to the high-vacuum
section of the instrument, and were ionized by electron impact (nominal
ionization energy of 11.5eV). The corresponding protonated ions were
generated by chemical ionization, the proton sources being the ionic
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fragments of B, The fact that the constant ratio of the ion intensities
corresponds to the attainment of equilibrium in Equation (2) was proven
by means of double-resonance-like experiments.*® The pressure readings
for the neutral reactants, as determined by the Bayard — Alpert gauge of the
FT-ICR spectrometer, were corrected by means of the gauge sensitivity for
each reactant. The gauge sensitivities relative (S;) to N, have been
estimated according to Bartmess and Georgiadis® by means of the
average molecular polarizabilities, a(ahc), calculated according to Mill-
er.%!

Computational details: All energies were calculated with “density func-
tional theory” (DFT) Becke3-LYP methodP together with the standard
basis sets 6-31G(d)®) and 6-311+ G(d,p),*® as implemented in the
Gaussian98 program.”] All the reported structures are stationary points
(minima or transition states) on the B3LYP/6-31G* potential energy
surface. To check the B3LYP/6-31G (d) values, single point energy
calculations of the most simple systems (THD, CBD, CBDH*, NH; and
NH,") were carried out at the QCISD(T) level with the same set of base
functions.*!
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