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Abstract: The relative gas-phase basicities of eight reference compounds (a-methylstyrene, isopropyl ether, n-pentyl ether, 
2,4-dimethyl-3-pentanone, methyl benzoate, n-butyl ether, methyl trimethylacetate, and methyl cyclopropanecarboxylate) have 
been redetermined by Fourier transform ion cyclotron resonance (FT/ICR) mass spectrometry and are now self-consistent 
to less than 0.8 kJ/mol (0.2 kcal/mol). For each binary mixture of two bases, equilibrium was approached from both sides 
via initial selective ejection of either of the two protonated bases. The gas-phase basicity of cubane was subsequently determined 
to be 840 kJ/mol (200.7 kcal/mol), at 155 0C, referred to n-propyl ether at 814 kJ/mol (194.5 kcal/mol), with ±12 kJ/mol 
(3 kcal/mol) absolute and ±0.8 kJ/mol (±0.2 kcal/mol) relative errors. Similarly, the gas-phase basicity of dodecahedrane 
was determined to be 823 ± 12 kJ/mol (196.6 ± 3 kcal/mol), and the basicities of its monomethyl and 1,16-dimethyl derivatives 
were determined to be 824 ± 12 and 845 ± 21 kJ/mol (197 ± 3 and 202 ± 5 kcal/mol), respectively. These results are analyzed 
in terms of strain energy and polarizability effects for polyhedral hydrocarbons. 

The gas-phase basicity of compound A (GBA) is defined as the 
negative of the standard free energy change for the protonation 
reaction 

A + H + ^ AH+ (1) 

GBA = -AG\ (2) 

When an ionized binary mixture of unknown compound A and 
a reference compound B is allowed to equilibrate, the standard 
free-energy change for the net proton-transfer reaction 

A + BH+ ^ AH+ + B (3) 

may be evaluated from the experimentally determined partial 
pressures ([A] and [B]) of the neutrals and the relative concen
trations of the protonated parent ions ([AH+]/[BH+]) from their 
relative FT/ICR peak areas. 

[ [B] [AH+] 1 

[Al iiiFI J (4) 

Thus, the gas-phase basicity of A may be determined from AG°net 

and the previously established basicity of B. 

GBA - GB8 - AG°net (5) 

A moderately self-consistent scale of gas-phase basicities for 
nearly 1000 compounds has recently been compiled.1 Since 
gas-phase basicity can be related to bond strain, it is of interest 
to determine the gas-phase (i.e., "intrinsic") basicities of the known 
polyhedral hydrocarbons. In this paper, we report the determi
nation by Fourier transform ion cyclotron resonance (FT/ICR) 
mass spectrometry2,3 of the gas-phase basicities of unsubstituted 
cubane and three dodecahedranes, referred to a recalibrated 
self-consistent set of eight reference bases (a-methylstyrene, 
isopropyl ether, H-pentyl ether, 2,4-dimethyl-3-pentanone, methyl 
benzoate, «-butyl ether, methyl trimethylacetate, and methyl 
cyclopropanecarboxylate). 

Experimental Section 
Cubane was prepared according to the Eaton-Cole procedure.4 Do

decahedrane and 1,16-dimethyldodecahedrane were prepared via a 
modification5 of Paquette's previously described routes.6 Mono-
methyldodecahedrane molecular ions were generated in the mass spec-
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trometer via electron-ionization-induced fragmentation of dimethyl-
dodecahedrane. The reference bases at >99% purity were purchased 
from the Aldrich Chemical Company and used without further rectifi
cation. The purity of cubane and the dodecahedranes were shown by 
FT/ICR to be comparable to those of the reference compounds. 

Gas-phase basicities were determined via FT/ICR mass spectrome
try3,7'8 with a Nicolet FTMS-1000 instrument. The dodecahedranes were 
introduced via a solids probe; the remaining compounds were introduced 
via Varian Model 951 variable leak valves from a heated (130 0C) batch 
inlet after at least three freeze-pump-thaw cycles to remove volatile 
impurities. Pairs of bases were combined at approximately equal partial 
pressures of about 1.5 X 10~7 torr in a vacuum chamber whose back
ground pressure was ca. 2 X 10"9 torr after overnight bakeout at 200 0C. 
Neutral pressures were determined with a nude Bayard-Alpert ionization 
gauge and corrected for differential sensitivity according to average 
molecular polarizability estimates.9,10 Under these conditions, the ratio 
of neutrals to ions is ca. 107:1, with a neutral-wall collision rate of about 
104 collisions/s. The neutral population should thus be well thermal-
i z e d l l , ! 2 

As soon as the pressure stabilized, the mixture was ionized by an 
electron beam (ca. 50 eV, 500 nA for 30 ms). The reaction (at 155 0C) 
was followed over time, typically 0.1-25 s, at about 3-5 x 10"7 torr total 
pressure (including methane buffer gas when present). Equilibrium was 
typically reached after a few seconds (ca. 50-100 ion-neutral collisions), 
as evidenced by no further change in the ratio of protonated parent ion 
peak areas,11,13"" as illustrated in Figure 1 (open circles) for 2,4-di-
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Figure 1. Approach to equilibrium for the proton-transfer reaction be
tween 2,4-dimethyl-3-pentanone (C7H14O) and n-butyl ether (C8H18O). 
The apparent equilibrium constant, K^ = ([C7H]4O][C8H19O+])/ 
([C8H8O][C7H15O+]), is plotted as a function of time following ion 
formation: (O) no ion ejection, (D) after ejection of protonated n-butyl 
ether, and ( • ) after ejection of protonated 2,4-dimethyl-3-pentanone. 

Table I. Gas-Phase Basicities from Binary Mixtures of the 
Designated Compounds" 

compd 

1,16-dimethyldodecahedrane 
a-methylstyrene 
cubane 
isopropyl ether 
«-pentyl ether 
2,4-dimethyl-3-pentanone 
methyl benzoate 
methyldodecahedrane 
tt-butyl ether 
dodecahedrane 
methyl trimethylacetate 
methyl cyclopropanecarboxylate 
M-propyl ether 

gas-phase 

kJ/mol 

845 
843 
840 
834 
830 
826 
824 
824 
823 
823 
819 
815 
814 

basicity 

kcal/mol 

202 
201.4 
200.7 
199.4 
198.4 
197.3 
197.0 
197 
196.8 
196.6 
195.7 
194.9 
194.5 

0 The relative basicities for all but the dodecahedranes are self-con
sistent to within ±0.8 kJ/mol (±0.2 kcal/mol); the absolute errors are 
±12 kJ/mol (±3 kcal/mol) relative to a basicity of 814 kJ/mol (194.5 
kcal/mol) for H-propyl ether.1 The origin of the larger imprecision for 
dodecahedrane (±4 kJ/mol (±1 kcal/mol)) and its methyl and di
methyl derivatives (±12 kJ/mol (±3 kcal/mol)) is discussed in the 
text. 

methylpentanone (C7Hi4O) and rc-butyl ether (C8H18O). 
As a further check, equilibrium was approached from both sides, by 

initial selective ejection of either of the two protonated bases (e.g., squares 
and solid circles in Figure 1). The good agreement (to within 0.8 kJ/mol 
(0.2 kcal/mol)) between the [AH+]/[BH+] ratios obtained via all three 
equilibration methods is strong evidence that equilibrium has been 
reached (after ca. 0.2 s in this example).'6 The equilibrium constant was 
then calculated from the average of the values for the three equilibration 
methods. After each experiment, one of the leak valves was closed and 
the pressure remeasured. The initial and final partial pressures agreed 
to within 0.1 X 10"7 torr and were averaged in computing AG°M. Each 
gas-phase basicity in Table I represents an average of at least five in
dependent determinations, each from ca. 5 to 20 accumulated time-do
main data sets. The FT/ICR peak area for each protonated parent ion 
was corrected for the carbon-13 contribution from the parent ion. 
Identical excitation and detection parameters were used for all FT/ICR 
experiments. 

Results and Discussion 

Self-Consistent Basicity Scale. A relative gas-phase basicity 
ladder (Figure 2) was first established for eight reference com
pounds whose basicities span the range of interest. H-Propyl ether 
was included as a secondary standard1 to provide a reference 
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Figure 2. Self-consistent (to within ±0.8 kJ/mol (±0.2 kcal/mol)) ladder 
of gas-phase basicities, AG°, listed in kcal/mol. 
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Figure 3. Fourier transform ion cyclotron resonance mass spectra of 
isobaric binary ionized mixtures of cubane and isopropyl ether (top) or 
a-methylstyrene (bottom), detected 45 s after ion formation via electron 
ionization. The relative peak heights of the protonated parent ions at 
mjq 105, 103, and 119 clearly show that cubane has a gas-phase basicity 
lower than that of a-methylstyrene and higher than that of isopropyl 
ether (see Table I). The mjq 101 and 117 peaks are (M - H)+ from 
isopropyl ether and a-methylstyrene, respectively. The doublet at mjq 
104 peaks was clearly resolved and quantitated as the cubane M+ parent 
and a very small amount of (M + 2H)+ from isopropyl ether. 

anchor for the scale. Self-consistency between such apparent 
free-energy differences is a necessary condition for equilibrium. 
Thus, the high degree of self-consistency (to within ±0.8 kJ/mol 
(0.2 kcal /mol)) shown in Figure 2 offers further evidence that 
equilibrium was indeed attained for each binary combination of 
reference bases. 

Cubane. The FT / ICR mass spectra obtained for ionized binary 
isobaric mixtures of cubane with either a-methylstyrene or iso
propyl ether are shown in Figure 3. The peaks at mjq 117 and 
101 in Figure 3 represent (M - H ) + from a-methylstyrene and 
isopropyl ether, respectively. The doublet at mjq 104 can be 
resolved and quantitated as the M + molecular ion from cubane 
and (M + 2 H ) + from isopropyl ether. (Our basicity determi
nations are unaffected by ejection of the above ions; thus, those 
ions do not affect our results.) It is qualitatively clear that pro
tonated cubane is more abundant (i.e., higher basicity) than 
protonated isopropyl ether, but less abundant (i.e., lower basicity) 
than a-methylstyrene. 

Once cubane had been bracketed between a-methylstyrene and 
isopropyl ether, the gas-phase basicity of cubane could be de
termined quantitatively with respect to (for example) a-me
thylstyrene as shown in Figure 4. As in Figure 1, equilibrium 
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Figure 4. Approach to equilibrium for the proton-transfer reaction be
tween cubane (C8H8) and a-methylstyrene (C9H10). The apparent 
equilibrium constant, K^ = ([C8H8][C9H11

+I)Z(IC9H10][C8H9
+]), is 

plotted as a function of time following ion formation: (O) no ion ejection, 
(D) after ejection of protonated cubane, and (•) after ejection of pro-
tonated a-methylstyrene. 

Table H. Effect of Bond Angle Strain on 

bond strain energy15 

compd kJ/mol kcal/mol 

cyclohexene 10 
cyclobutene 128 
cyclopropene 228 

2.5 
30.6 
54.5 

Gas-Phase Basicity 

gas-phase 

kJ/mol 

759 
766 
795 

basicity1 

kcal/mol 

181.5 
183 
190 

was approached without ion ejection (open circles) and following 
ejection of either protonated parent (squares and solid circles). 
From the equilibrium constant averaged (after >20-s equilibration) 
for the three routes to equilibrium, the gas-phase basicity of cubane 
was found to be 3 ± 0.8 kJ/mol (0.7 ± 0.2 kcal/mol) lower than 
that of a-methylstyrene. On the basis of an absolute gas-phase 
basicity of n-propyl ether as 814 ± 12 kJ/mol (194.5 ± 3 
kcal/mol),1 we can therefore assign the absolute gas-phase basicity 
of cubane as 840 ± 12 kJ/mol (200.7 ± 3 kcal/mol). 

Dodecahedranes. The larger error (±4 kJ/mol (±1 kcal/mol) 
vs. 0.8 kJ/mol (0.2 kcal/mol)) reported for dodecahedrane (Figure 
2) is due to the larger uncertainty in measurement of its partial 
pressure. The dodecahedranes were introduced via a solids probe, 
from which the sample pressure in the high-vacuum chamber was 
controlled by heating the probe tip. Because there is no valve 
between the ICR excitation/detection cell and the sample tip, no 
fine control of pressure is possible. Moreover, the small amount 
of sample on the probe tip is exhausted at a partial pressure of 
ca. 5 X 10~8 torr, at which the rate of approach to equilibrium 
is inconveniently slow. Therefore, methane was added to the 
reaction as a buffer gas to increase the chamber pressure to ca. 
3-5 X 10"7 torr and to provide a source of protons. In this way, 
it was possible to equilibrate a binary mixture of dodecahedrane 
and methyl benzoate to give a relative basicity difference of 0.4 
kcal/mol, leading in turn to an absolute gas-phase basicity of 823 
± 12 kJ/mol (196.6 ± 3 kcal/mol) for dodecahedrane. 

The available quantities of methyl- and dimethyldodecahedrane 
were too small to permit multiple quantitative equilibrations with 
reference bases. Therefore, their reported basicities (824 ± 12, 
845 ± 21 kJ/mol (197 ± 3, 202 ± 5 kcal/mol) for methyl and 
dimethyl derivatives, respectively) were based on bracketing ex
periments (with corresponding larger errors) to establish whether 
or not proton transfer to a reference base took place. 

Bond Angle Strain. Table II shows the direct relation between 
gas-phase basicity and bond angle strain energy for representative 
cycloalkenes. On the basis of bond strain alone, cubane (ca. 694 
kJ/mol (166 kcal/mol) strain energy) would be expected to exhibit 
much greater basicity than other hydrocarbons, including the 
dodecahedranes (ca. 292 kJ/mol (70 kcal/mol) corresponding to 

X 

1 
2 
3 
4 
5 
6 
7 
8 

kJ/mol 

861 
872 
879 
881 
883 
883 
884 
887 

kcal/mol 

205.7 
208.5 
210.1 
210.6 
211.1 
211.1 
211.2 
212.0 

" Basicity increases directly with polarizability, which in turn varies 
directly with alkyl chain length. 

only about 17% as much strain energy per carbon as cubane).17"20 

Although the experimental cubane basicity is indeed higher than 
for other hydrocarbons, it is only slightly higher than those of 
dodecahedrane and methyldodecahedrane and is actually lower 
than that of 1,6-dimethyldodecahedrane. 

Polarizability. Gas-phase basicity also varies directly with 
molecular polarizability, as seen for the series of primary amines 
in Table III.1-20 Since the calculated polarizabilities of the do
decahedranes are much larger than for cubane (ca. 2.5:1), the 
increased polarizability of the dodecahedranes evidently offsets 
their lower strain energies (relative to cubane) in determining the 
gas-phase basicities. The relative basicity order among the un-
substituted, methyl-, and 1,16-dimethyldodecahedranes is con
sistent with the predicted small increases in polarizability and 
torsional strain introduced by the attachment of methyl groups. 

Summary and Suggestions for Future work. In conclusion, the 
gas-phase basicities of cubane (840 kJ/mol (200.7 kcal/mol)) and 
the dodecahedranes (823-845 kJ/mol (196.6-202 kcal/mol) are 
strikingly higher than for most saturated hydrocarbons (e.g., 
cyclohexane 674 kJ/mol (161 kcal/mol)).1 Although the high 
basicity of cubane is consistent with its high bond strain energy, 
the remarkably high basicity of dodecahedrane cannot arise from 
bond strain alone and at present must be ascribed to its high 
polarizability. We are currently endeavoring to reinforce these 
conclusions via the effects of deuterium substitution and tem
perature upon AG°net values, in order to determine the site of 
protonation in both cubane and dodecahedrane. We are also 
working to establish more precise basicities for the dodecahedranes, 
with extension to trimethyl and other derivatives, as well as 
polyhedral molecules similar to cubane but with one or two 
bridging carbons across the edges. The latter compounds should 
be less strained than cubane; hence their basicities should be lower. 
We will also look at cubane-like compounds with deuteriated 
methyl groups on some of the bridging carbons, in order to probe 
the site of proton abstraction in reactions with compounds of higher 
basicity. Finally, we plan to measure the gas-phase acidities of 
cubane and dodecahedrane as well. 
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Note Added in Proof. Preliminary semiempirical (MNDO)21 

and ab initio (HF/3-21G)22 calculations predict the relative 
energies for cubane protonated at different sites: corner < edge 
< face < center. Thus, the most likely site for protonation of 
cubane is a corner. 
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