
the Supporting Information. Gas-phase basicity (GB) and proton
affinity (PA) refer to the following equilibrium:

GB and PA are defined as follows:

The directly measured quantity is the relative basicity of two
bases∆∆Gb:

where

The p andI values are the partial pressures and ion intensities
of the respective species.

Computations of Gas-Phase Basicity. The quantum-chemi-
cal computations reported in this work were carried out using
the Gaussian 2003 series of programs.15 Density functional
theory (DFT) calculations were performed using the B3LYP
hybrid functional. Full geometry optimizations and vibrational
analyses were performed using the 6-311+G** basis set. This
approach has been demonstrated by some of us to describe with
reasonable accuracy the gas-phase basicities8,16of a wide variety
of relatively simple molecules. All stationary points were found
to be true minima (Nimag ) 0). Unscaled B3LYP/6-311+G**
frequencies were used to calculate the GB and PA values of
the neutral bases taking into account the zero point frequencies,

finite temperature 0-298 K correction, the pressure-volume
work term, and the entropy term as appropriate.

Results

Gas-Phase Basicity Measurements. In addition to previ-
ously6 determined GB values for phosphazenes, in the present
work 39 ∆∆Gb measurements between 25 superbases were
carried out. Together with results from ref 6 these form the
extension of the so far existing10,17experimental self-consistent
gas-phase basicity scale toward the region of higher basicity.
MTBD was chosen as the anchor compound for the present scale
as its published GB value (GB) 1030.2 kJ/mol)17 has been
observed by measuring it against two reference bases, while
the GB values of ITBD and ETBD, which would otherwise also
be suitable as anchors, have been obtained only against one
compound. The results are presented in Table 1.

Gas-Phase Basicity Calculations. The results of calculation
of the basicities of the phosphazene superbases described in
this work are summarized in Tables 1 and S3 in the Supporting
Information. Detailed results of the calculations and the Car-
tesian coordinates of the calculated species are available in the
Supporting Information.

Discussion

Extension of the Experimental Gas-Phase Basicity Scale.
For several decades the experimental gas-phase basicity scale
in the region above MTBD (GB) 1030.2 kJ/mol) has been
based mainly on alkali and alkaline earth metal oxides and
hydroxides. These compounds are difficult to handle in gas-
phase basicity measurements, making it difficult to use them
as reference bases for further measurements. According to the
current NIST Webbook and ref 17, MTBD is the most basic
organic compound having GB value obtained by direct com-
parison against several reference bases. There are some other
bases (CH3)2NC(CH3)dN-(CH2)3N(CH3)2, ETBD, ITBD, TTT,
and MTTT that are more basic, but these have been measured
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reliably only against one reference compound or their gas-phase
basicity values are approximate. The results of this work have
extended the gas-phase basicity scale of organic compounds to
GB ) 1107 kJ/mol. The following compoundssEtP2(dma), HP1-
(dma),t-BuP1(dma),t-OctP1(dma),t-BuP1(pyrr), BEMP, MTBD
and also both studied Verkade’s bases (trimethyl- and triisobutyl-
substituted)sare commercially available and thus provide
convenient references for other investigators for further basicity
studies in this region. Also, small amounts of the noncommercial
bases used in this work are available from the authors on request.

Experimental GB values for two homological series of
phosphazenessfor the pair24 and2 and for pair29 and4 are
now available. The base-strengthening effects in the homological
rows, when going from arylsubstituted P1 to P2 phosphazenes,
are 65.1 and 69.9 kJ/mol, respectively. This gives a direct
experimental support for the previous findings of theoretical
works7,8 to use a homological series of phosphazenes to further
extend the basicity scale in the gas phase.

The recently introduced guanidinophosphazenes7 (containing
different substituted guanidino fragments besides amino frag-

ments) are a very promising series of bases for expanding the
existing experimental basicity scale toward higher basicity range.
For example, the GB value of tris-N′,N′,N′′,N′′-tetrameth-
ylguanidino derivative of phenyl P1 phosphazenesPhP1(tmg)s
is calculated to be 1146.4 kJ/mol (see Table S3 in the Supporting
Information). In THF solution, for the stepwise substitution of
dma groups with tmg groups in the PhP1(dma) (pKR(THF))15.3)
the following basicity order was observed: 18.4, 21.5, and 24.3
pKR(THF) units.7 These values lead us to conclusion that using
these three parent compounds and additionally introducing
various substituents into the phenyl ring one can cover the
basicity range up to 1146 kJ/mol with members of these three
families. This prediction is also supported by the basicity
measurements in THF and acetonitrile medium (see Table 2).
For example, the PhP1(tmg) phosphazene successfully competes
in basicity with P3 phosphazenes.

Correlation of GBexp with GBcalc. It is of great interest to
compare the experimentally measured and calculated at the DFT
B3LYP/6-311+G** level GB values of the compounds studied
in the present work. The overall correlation of available data

TABLE 1: Experimental and Calculated Gas-Phase Basicities of the Studied Bases

a Directly measured experimental∆∆Gb (kJ/mol) values obtained from FT-ICR measurements.b Experimental absolute GB (kJ/mol) values for
bases. 1 kcal/mol) 4.184 kJ/mol.c Results of basicity calculations at DFT B3LYP/6-311+G** level (kJ/mol), this work if not noted otherwise.
d Anchor of the scale, GB value taken from ref 17.e Reference 6.f Reference 7.g Reference 8.
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