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We have investigated the basicity of phosphinine (C5H5P, phosphabenzene) in reevaluating its proton affinity
(PA) and gas-phase basicity (GB) and the pKa value of its protonated form. As a necessary step, we have first
determined its gas-phase proton affinity. Using both mass spectrometric and quantum chemical methods, we
have obtained the values PA(C5H5P) ) 195.8( 1.0 kcal mol-1 and GB298(C5H5P) ) 188.1( 1.0 kcal mol-1,
in good agreement with previous results. We then derived a value of pKa(C5H6P+) ) -16.1( 1.0 in aqueous
solution using three different approaches: the latter markedly differs from the currently available value of
-10. The reason for such a discrepancy in the pKa of protonated phosphinine in solution is discussed. In the
theoretical determination of PAs, evaluation of the basis set superposition error (BSSE) showed that this
effect is quite small, being 0.1-0.2 kcal mol-1 for phosphinine, when a density functional theory (DFT)
method in conjunction with a large basis set were used.

1. Introduction

Phosphinines are derivatives of benzenes in which a phos-
phorus atom is incorporated into the six-membered ring. While
the λ3-phosphinine (I ) is the P-analogue of pyridine,λ5-
phosphinine (II ) is a typical phosphorus compound (Scheme
1). Several reviews on the rich chemistry of phosphinines have
already been available in periodicals and books.1 For a recent
comprehensive review, we would refer to the ref 1. In this
present work, we have paid particular attention to the basicity
of the parentλ3-phosphinine (I ) for which relevant quantitative
parameters have not been established yet.

The basicity of a compound could usually be quantified by
its intrinsic proton affinity (PA), gas-phase free energy of
protonation (GB), and the pKa value of its protonated form in
a solution. Gas-phase proton affinity ofλ3-phosphinine (I ) was
determined by Hodges et al.2 to be PA(C5H5P) ) 195.8 kcal
mol-1, which is far smaller than the corresponding value of
pyridine, namely, PA(C5H5N) ) 219.4 kcal mol-1, but it is
closer to that of the arsenic derivative, PA(C5H5As) ) 189.3
kcal mol-1. In fact, the weak nucleophilic character of phos-
phinines is confirmed by the fact that they do not react with
strong alkylating or protonating reagents such as ROTf (alkyl
triflate) or CF3CO2H. Earlier theoretical studies3-5 using the
HF/4-31G, AM1, and PM3 levels of molecular orbital theory
agreed with each other, pointing toward a preference for
P-protonation over C-protonation (C2 site), even though the
reported results showed a rather poor quantitative agreement
with the experimental PA, the difference amounting, in fact,
up to 27.8 kcal mol-1.

Another way of characterizing the basicity of a neutral
molecular system is to consider the pKa of its protonated form
in various solutions. This pKa value is, in such a way, a measure

of the acidity of the protonated species considered and,
conversely, the basicity of the neutral counterpart.

In a 1971 paper,6 Oehling and Schweig used the semiem-
pirical complete neglect of differential overlap (CNDO/2)
method to evaluate the pKa of both N-protonated pyridine and
P-protonated phosphinine and obtained pKa(C5H6P+) ≈ -10.
The latter value was obtained on the basis of the following
data: pKa(C5H6N+) ) 5.2, PA(C5H5N) ) 213 kcal mol-1, and
PA(C5H5P) ) 192 kcal mol-1. According to these authors and
in comparison with the differences of PA and pKa experimental
values of the parent couple NH3/PH3, a difference of 21 kcal
mol-1 in the PAs of pyridine/phosphinine leads to a reduction
of 15 units in going from protonated pyridine to protonated
phosphinine.

A remarkable fact is that the empirical value of pKa(C5H6P+)
) -10 reported in ref 6 has been adopted and recorded in
various books as a reference value without any further critical
evaluation. In view of the surprising scarcity of accurate results
on both PA and pKa values for phosphinines, we set out in the
present work to reevaluate them for the parent molecule using
not only mass spectroscopy for determining the PA but also
the appropriate quantum chemical methods for both quantities.
It turns out that there is a good agreement on PA between
experimental and theoretical methods. On the contrary, our
calculated results on pKa show a significant discrepancy with
the value reported in ref 6. In the next sections, the determination
of the gas-phase PA will first be described, then followed by
the computations of the pKa.
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SCHEME 1: λ3-Phosphinine (I) and λ5-Phosphinine (II)
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2. Evaluation of Proton Affinity and Gas-Phase Basicity
of Phosphinine

For this purpose, we have employed both experimental mass
spectrometric techniques and quantum chemical computations.

2.1. Experiment.Experimental determination of the basicity
of the phosphinine molecule (I ) has been carried out by the
proton-transfer equilibrium constant method.

Proton-transfer reactions employed (eq 1) were performed on a
Bruker CMS 47 X Fourier transform ion cyclotron resonance
(FT-ICR) mass spectrometer. The two neutrals (I ) and B were
introduced via a dual-inlet system equipped with two separate
Balzers-UDV-035 valves controlling the partial pressure of each
component. Experiments were done at a total indicated pressure
of (2-8) × 10-8 mbar. The ions were produced following
electron impact inside the ICR cell under the following
conditions: filament current) 3.2 A and electron kinetic energy
) 50 eV. After an ionization delay of∼4 s, all the ions were
relaxed to thermal energies by the presence of the static pressure
of the neutral reactants. This condition was checked by
measuring the rate of disappearance of the reactive speciesIH +

and ensuring that it attains its upper limit. Subsequently,
unwanted ions were ejected by a combination of chirp and soft
radio-frequency pulses, and the remaining ionsIH + and/or BH+

were allowed to react with the neutral molecules. Equilibrium
was generally attained after a delay of 10-50 s; the reversibility
of the reactions has been checked by performing three experi-
ments where the selected ions were eitherIH + or BH+, or both.
The ratio of peak intensities of BH+/IH + and the ratio of partial
pressures of (I ) and B were then used to calculate the
equilibrium constantK and thus to evaluate the Gibbs free
energy change∆1GT° ) -RT ln K. The temperature of 320 K
has been used in the estimation of∆1GT°. The partial pressure
ratio was provided by the indication of an ionization gauge,
Balzers IMR-132. The gauge reading has been corrected for
the different ionization cross-section of the various compounds
by considering their polarizabilities, as proposed earlier.7

Polarizability values of 6.4, 7.1, and 10.0 Å3 were used for
acetone, methyl acetate, and phosphinine, respectively.8

The gas-phase basicity and proton affinity at 298 K were
deduced from relationships 2 and 3:

where∆pS°(X) ) S°(XH+) - S°(X) is the protonation entropy
variation. The experimental results and the derived thermo-
chemical quantities are summarized in Table 1.

A mean value of GB298(I ) ) 188.1 kcal mol-1, with a
probable error of(1.0 kcal mol-1, is thus deduced from our
MS experiments. This GB leads to a proton affinity of PA298-

(I ) ) 195.8( 1.0 kcal mol-1, which is almost coincident with
the value previously reported by Hodges et al.2

2.2. Quantum Chemical Calculations.In the gas phase, the
proton affinity (PA) of a molecule is defined as the negative of
the enthalpy change at standard conditions (i.e., temperature
and pressure) of the reaction

where B and BH+ denote the base and its conjugate acid,
respectively. Equation 5 was used to calculate the absolute
proton affinity9,10 in which ∆Eel represents the difference in
electronic energies between the neutrals and the protonated
forms at 0 K.∆ZPE corresponds to the difference in zero-point
energies, whereas the last term,5/2RT, describes the thermody-
namic temperature correction. The absolute PAs were calculated
by means of different quantum chemical methods.

Phosphinine (I) belongs to theC2V point group; its geometrical
parameters determined using various levels of theory with the
6-311++G(d,p) basis set are summarized in Table 2. Compared
with the available experimental results,11 we note that the P-C
bond length is shorter at both HF and BH-and-HLYP levels,
but it is longer when using the hybrid B3LYP functional, and
even slightly longer using the second-order perturbation theory
MP2 and the B3PW91 functional. In all levels of theory used
in this study, the C-C bond lengths are similar to those reported
in previous calculations.12,13 Thus, the C-C bond length
alternation is calculated to be small (less than 0.5%), and it
deviates by up to 2.1% with respect to the experimental values.11

The results obtained using B3PW91/6-311++G(d,p) are in
better agreement with experimental values.

Phosphinine exhibits, in principle, four positions that could
be protonated, namely the P, CR, Câ, and Cγ atoms (Figure 1).
Table 3 summarizes the calculated values for PAs at different
sites of phosphinine, making use of eq 5. The theoretical
methods considered include the second-order perturbation theory
(MP2), coupled-cluster theory CCSD(T), and DFT with the
hybrid functional B3LYP, all in conjunction with the 6-311++G-
(d,p) one-electron basis set. B3LYP calculations using the larger
aug-cc-pVTZ basis set are also given.

In the evaluation of PAs, the energies of the two correspond-
ing reactants, namely the neutral substrate and the proton, are
evaluated either separately or within a supermolecule. A basis
set superposition error (BSSE) in the calculation of the energy

TABLE 1: Equilibrium Proton Transfer Thermochemical
Data for Reactions IH+ + B f I + BH+

B ∆1GT° a GB298(B)c,d ∆pS°(B)b,d GB298(I )c,e

methyl acetate-0.406( 0.143 189.0 1.195 188.6
acetone +0.526( 0.024 186.9 2.079 187.5

a kcal mol-1. b cal mol-1 K-1. c kcal mol-1. d Taken from ref 8.
e ∆pS°(1) ) 0, value assumed.

(I )H+ + B f (I ) + BH+ (B ) methyl acetate and acetone)

(1)

GB298(I ) ) GB298(B) + ∆1GT° +
(T - 298)[∆pS°(I ) - ∆pS°(B)] (2)

PA298(I ) ) GB298(I ) + 298[S298°(H
+) - ∆pS°(I )] (3)

TABLE 2: Calculated and Experimental Geometrical
Parameters ofλ3-Phosphinine (I)

parametersa HF MP2 B3LYP
BH &
HLYP B3PW91 exptlb

Bond Length (Å)
R1 1.724 1.739 1.744 1.727 1.738 1.733
R2 1.384 1.398 1.391 1.382 1.389 1.413
R3 1.388 1.400 1.396 1.386 1.393 1.384
R4 1.077 1.089 1.086 1.078 1.087
R5 1.077 1.089 1.086 1.079 1.088
R6 1.076 1.087 1.085 1.077 1.086

Bond Angle (deg)
A1 100.8 100.0 100.1 100.4 100.1 101.1
A2 125.1 125.7 125.4 125.3 125.4 124.4
A3 122.6 123.1 123.2 122.6 122.6 123.7
A4 122.8 122.5 122.7 122.7 122.7 122.7

a See Figure 1 for definition of parameters.b Taken from ref 11.

B + H+ / BH+ (4)

PA ) -∆H ) ∆Eel + ∆ZPE+ 5
2
RT (5)
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of the neutral substrate could eventually be incurred in such a
way that a certain correction on the calculated PA might be
needed. It is usually expected that a deviation of a calculated
PA value mainly arises from an inherent shortcoming of the
quantum chemical method employed rather than from the lack
of BSSE correction.14 However, it has been demonstrated in
previous studies15 that the BSSE corrections on the calculated
PAs could be as large as 3.3 kcal mol-1 (13.9 kJ mol-1). In
fact, using the counterpoise method to evaluate the BSSE,16 the
resulting correction on the PA of bipyridine was evaluated to
be 0.35 kcal mol-1 at the HF/6-31G(d,p) level of MO theory
and but amounting up to 3.30 kcal mol-1 when the MP2/6-
31G(d,p) level was used. In view of these results, we have
evaluated the BSSE corrections on PAs, also making use of
the counterpoise approach. Concretely, the BSSE value was
derived from the single-point energy calculation of the neutral
substrate with hydrogen ghost functions added at the position
of the proton (at different sites) as found in the optimized
protonated forms. To evaluate the BSSEs, we have used both
the MP2 and B3LYP methods. Calculated PAs are summarized
in Tables 3 and 4.

It is clear that P-protonation is consistently preferred over
carbon-site protonations (Table 3). All the levels agree with each
other, yielding comparable values for the PAs. When using DFT,
the effect of enlarging the basis set is small for PA(C) but up
to 2 kcal/mol for PA(P). The CCSD(T), G1, and G2 values for
PA(P) are comparable but slightly deviate from each other. It
turns out that the B3LYP/6-311++G(d,p) method provides us
with the best agreement with the experimental value for PA-
(P). Regarding the BSSEs, our results point out that, while the
corrections of 1.7-2.0 kcal mol-1 on the MP2 PAs of
phosphinine are significant and in agreement with earlier
studies,15 they are negligible at the B3LYP level (being 0.1-
0.2 kcal mol-1, Table 3). The BSSEs, calculated using the
B3LYP/6-311++G(d,p) method for a series of phosphines and
amines and listed in Table 4, also show that the resulting
corrections are quite small. In addition, BSSE corrections do
not systematically improve the agreement between calculated
and experimental PAs. Overall, for the sake of uniformity and
consistency with the available literature, we select the B3LYP/
6-311++G(d,p) + ZPE level to calculate PAs of other
compounds considered in this work (cf. Table 4).

3. Evaluation of pKa Value

3.1. Methods.In the solution phase, the basicity of a base B
is usually measured by the acid dissociation equilibria (pKa) of
the corresponding conjugate acid (BH+). Because a more
strongly basic B holds a proton more tightly, its corresponding
BH+ ion is less acidic (higher pKa), and vice versa. Equation 6
defines the pKa value of a species.

Recently, there have been several papers showing the
theoretical calculation of pKa.

17-29 Accordingly, the pKa value
of a BH + acid could be calculated in different ways. In general,
this depends on the model of the proton-transfer reaction, which
involves a thermodynamic cycle relevant to the solvation
processes. For example, theabsolutepKa method17-24 making
use of the thermodynamic cycle (cycle 1) summarized in
Scheme 2. It follows that the pKa value could be calculated
from the Gibbs free energy of the reverse reaction

whereby

TABLE 3: Computed Gas-Phase PAs (kcal mol-1) at Different Sites of (I)

protonation sitea MP2b B3LYPc B3LYPd CCSD(T)c G1 G2 exptl.

P 194.3 (2.0e) 195.7 (0.1e) 197.6 (0.1e) 195.8 193.7 194.9 195.8f

CR 177.5 (2.0e) 184.8 (0.2e) 185.0 (0.1e) 183.7 179.1 179.6
Câ 167.0 (1.7e) 175.3 (0.2e) 175.4 (0.1e) 174.6 170.2 170.6
Cγ 175.0 (1.7e) 182.9 (0.2e) 183.4 (0.1e) 182.4 178.1 178.7

a Seeing Figure 1 for atom definition.b Based on MP2/6-311++G(d,p) optimized geometry.c Based on B3LYP/6-311++G(d,p) optimized
geometry.d Based on B3LYP/aug-cc-pVTZ optimized geometry.e The values of BSSE correction in kcal mol-1. f Experimental value determined
in this work, see also ref 2.

Figure 1. Geometric structure ofλ3-phosphinine (I ).

TABLE 4: Calculated and Experimental Protonation
Thermochemistry of Considered Molecules

PA (kcal mol-1) GB (kcal mol-1)

base calcd exptla dev. calcd exptla dev.

NH3 203.8 (0.9b) 203.6 0.2 196.1 195.7 0.4
CH3NH2 214.7 (0.7b) 214.9 0.2 207.0 206.6 0.4
(CH3)2NH 221.7 (0.6b) 222.2 0.5 213.9 214.3 0.4
(CH3)3N 225.9 (0.6b) 226.8 0.9 218.1 219.4 1.3
(CH3)3P 227.2 (0.5b) 229.2 2.0 219.4 221.4 2.0
(CH3)2C6H5P 230.1 (0.4b) 231.6 1.5 222.4 223.9 1.5
C5H5N 223.4 (0.3b) 222.0 1.4 215.6 214.7 0.9
3-F-C5H4N 216.3 (0.3b) 215.6 0.7 208.5 208.0 0.5
3-Cl-C5H4N 217.5 (0.3b) 215.9 1.6 209.7 208.3 1.4
4-Cl-C5H4N 220.0 (0.3b) 219.0 1.0 212.2 211.3 0.9
4-CH3-C5H4N 228.1 (0.3b) 226.4 1.7 220.3 218.8 1.5
4-OCH3-C5H4N 231.4 (0.3b) 229.9 1.5 223.6 222.2 1.4
4-CN-C5H4N 211.5 (0.3b) 210.5 1.0 203.8 202.9 0.9
C5H5P 195.6 (0.1b) 195.8 0.2 187.9 187.5 0.4
4-F-C5H4P 190.7 (0.2b) 182.9
4-Cl-C5H4P 191.5 (0.2b) 183.8
4-NO2-C5H4P 181.0 (0.3b) 173.2
4-CH3-C5H4P 199.4 (0.2b) 191.6
4-CF3-C5H4P 185.9 (0.1b) 178.1
4-OCH3-C5H4P 204.9 (0.1b) 197.1

a Experimental data taken from ref 8.b The values of BSSE
correction in kcal mol-1.

pKa ) -log Ka

∆G° ) -2.303× RT× log Ka

pKa ) ∆G°
2.303× RT

(6)

BH+ / B + H+ (7)

pKa ) ∆G°
2.303× RT

) ∆G°
1.36

(8)
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where

A different approach, calledrelatiVepKa method24-29 employs
the thermodynamic cycle outlined in Scheme 3. Accordingly,
the proton exchange reaction 9 and eq 10 are used

where

Another way of calculating the relative pKa value consists
of using the pair of a reference base25 and its conjugate acid
(A/AH+) with well-known pKa values, and it features a chemical
similarity to the pair (B/BH+) under investigation. In this case,
the proton exchange reaction 11 and eq 12 were used

where

and

As for the necessary calibration, we have first used all the
approaches mentioned already to determine the pKa values of
some compounds whose pKa’s have been determined experi-

mentally, namely the simple ammonium derivatives (R1R2R3-
NH+), phosphonium derivatives (R1R2R3-PH+), and substituted
protonated pyridines (R-C5HH4NH+). Finally, we have com-
puted the basicity for the protonated form of phosphinine and
its substituted (R-C5HH4PH+) derivatives.

Note that, in the absolute method (thermodynamic cycle 1),
we have selected the experimental values ofGgas(H+) andGsolv-
(H+) that amount to-6.28 and-259.5 kcal mol-1, respect-
ively.30-32 In all of the methods calculating pKa values, the Gibbs
free energy change of the reaction in gas phase,∆Ggas, was
computed at the same level of theory used for the gas-phase
proton affinity, namely the B3LYP/6-311++G(d,p) electronic
energies along with thermal corrections tabulated using harmonic
vibrational frequencies at the B3LYP/6-311G(d,p) level. The
solvation Gibbs free energy difference,∆Gsolv, was calculated
using the polarizable continuum solvation model33,34 (PCM),
in which the united atom for Hartree-Fock (UAHF) definition
was used for the construction of the cavities. Evaluation of the
solvation energies for both neutral and protonated forms in
solution were performed the HF/6-31G(d,p) level. All the
structures have been determined with theGaussian 98pro-
gram.35

3.2. Results.The calculated results are recorded in Tables
4-7 and Figures 2-6. The pKa values of different acid BH+’s
were calculated by using the three equations 8, 10, and 12 and
are named pKa

1, pKa
2, and pKa

3, respectively (Table 6).
Our analysis starts with the gas-phase contributions. Figures

2 and 3 display the correlation between experimental and
computed values for PAs and GBs of the series of nitrogen and
phosphorus compounds for which reliable experimental results
are available in the NIST database.8 The mean absolute errors
for PA and GB values on the 14 molecules selected are 1.0 and
0.9, respectively. The correlation coefficients are 0.99 in both
cases. In the series of nitrogen derivatives, tertiary amines have
the largest PAs. A similar trend holds true in the phosphines
where the PAs amount to 187.4, 203.8, 217.1, and 227.6 kcal
mol-1 for PH3, CH3PH2, (CH3)2PH, and (CH3)3P, respectively.
Triethylphosphine (C2H5)3P also exhibits a larger PA of 235.6
kcal mol-1.

SCHEME 2: Thermodynamic Cycle 1 Used to Evaluate
pKa

SCHEME 3: Thermodynamic Cycle 2 Used to Evaluate
pKa

∆G° ) ∆Gaq ) [∆Ggas- ∆Gsolv(BH+) + ∆Gsolv(B) +

∆Gsolv(H
+)]

BH+ + H2O / B + H3O
+ (9)

pKa ) ∆G°
2.303× RT

-log[H2O] ) ∆G°
1.36

- 1.74 (10)

[H2O] ) 55.5 mol L-1

∆G° ) ∆Gaq ) [∆Ggas- ∆Gsolv(BH+) - ∆Gsolv(H2O) +

∆Gsolv(B) + ∆Gsolv(H3O
+)]

∆Ggas) Ggas(B) - Ggas(BH+) + Ggas(H3O
+) - Ggas(H2O)

BH+ + A / B + AH+ (11)

pKa(BH+) ) ∆G°
2.303× RT

+ pKa(AH+) ) ∆G°
1.36

+ pKa(AH+)
(12)

∆G° ) ∆Gaq ) [∆Ggas- ∆Gsolv(BH+) - ∆Gsolv(A) +

∆Gsolv(B) + ∆Gsolv(AH+)]

∆Ggas) Ggas(B) - Ggas(BH+) + Ggas(AH+) - Ggas(A)

TABLE 5: Calculated and Experimental Solvation Free
Energy of Neutrals (B) and Cations (BH+)

∆Gsolv(B) (kcal mol-1) ∆Gsolv(BH+) (kcal mol-1)

B calcd exptla calcd exptla

H2O -6.18 -6.3 -104.95 -104
NH3 -4.37 -4.3 -79.91 -79
CH3NH2 -4.49 -4.6 -70.46 -70
(CH3)2NH -3.99 -4.3 -64.75 -63
(CH3)3N -2.85 -3.2 -58.14 -59
(CH3)3P -0.43 -51.19 -52
(CH3)2C6H5 P -0.45 -45.95
C5H5N -4.85 -4.7 -55.63 -59.0
3-F-C5H4N -4.34 -59.10
3-Cl-C5H4N -3.70 -57.96
4-Cl-C5H4N -3.37 -56.63
4-CH3-C5H4N -4.54 -53.35
4-OCH3- -6.12 -52.98
C5H4N -6.45 -62.89
4-CN-C5H4N
C5H5P -2.77 -52.31
4-F-C5H4P -2.01 -51.83
4-Cl-C5H4P -1.77 -51.92
4-NO2-C5H4P -3.85 -60.21
4-CH3-C5H4P -2.56 -49.03
4-CF3-C5H4P -1.31 -53.54
4-OCH3-C5H4P -3.34 -47.53

a Experimental data taken from ref 33.
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It is worth noting that the N-site PA of 210.4 kcal mol-1 of
aniline (C6H5NH2) is smaller than that of 215.2 kcal mol-1 of
methylamine (CH3NH2), whereas the P-site PA of 207.9 kcal
mol-1 of phenylphosphine (C6H5PH2) is actually larger than that
of 203.8 kcal mol-1 of methylphosphine (CH3PH2). Such a
larger effect of a phenyl group on PA(P) is manifested in
(CH3)3P and (CH3)2(C6H5)P where the PA(P)s amount to 229.2
and 231.6 kcal mol-1, respectively. This suggests that the
hyperconjugation effect of the methyl group is operative in
amines but not in phosphines.

The PA(N) of 223.9 kcal mol-1 in pyridine is larger than
that of 204.2 kcal mol-1 in ammonia. A similar trend is observed
for the PA(P) in phosphinine (195.7 kcal mol-1) and phosphine
(187.4 kcal mol-1) but with a markedly smaller gap. Thus, to
increase its basicity, nitrogen profits much more than phosphorus
from the π-electron system within the six-membered ring. In
fact, the sharp position of the P lone pairs does not facilitate

electron delocalization. In both series of pyridines and phos-
phinines, a similar trend of the effect of substituents attached
at thepara (C4) position could be observed: an electron donor
increases the PA, whereas electron an captor decreases it (Table
4).

The results summarized in Table 5 indicate that the solvation
free energies of alkylamines could be reproduced using the
method already outlined here, with a deviation of, at most, 1.0
kcal mol-1. For the series of pyridines, we were not able to
find experimental values for substituted derivatives. It is apparent
that the errors of the calculated values for this series could be
somewhat larger.

We now turn to the results obtained for pKa recorded in Table
6. Figures 4, 5, and 6 illustrate the correlations between the

TABLE 6: Calculated and Experimental pKa Values

base pKa
1 dev. pKa

2 dev. pKa
3 dev. pKa (exptl)

NH3 8.86 0.4 10.09 0.8 9.26 0.0 9.26a

CH3NH2 9.84 0.8 11.07 0.4 10.23 0.4 10.66a

(CH3)2NH 11.10 0.4 12.33 1.6 11.50 0.8 10.73a

(CH3)3N 10.19 0.4 11.42 1.6 10.59 0.8 9.81a

(CH3)3P 7.83 0.8 9.06 0.4 8.23 0.4 8.65b

(CH3)2C6H5P 6.11 0.4 7.34 0.8 6.51 0.0 6.50b

C5H5N 5.04 0.2 6.27 1.1 5.21 0.0 5.21
3-F-C5H4N 2.75 0.2 3.98 1.0 2.93 0.4 2.97
3-Cl-C5H4N 3.28 0.5 4.51 1.7 3.45 0.6 2.81
4-Cl-C5H4N 4.35 0.5 5.58 1.8 4.52 0.7 3.83
4-CH3-C5H4N 7.03 1.0 8.26 2.2 7.21 1.2 6.03
4-OCH3-C5H4N 8.02 1.4 9.25 2.7 8.19 1.6 6.58
4-CN-C5H4N 0.52 1.3 1.75 0.1 0.69 1.2 1.86
C5H5P -16.21 -14.98 -16.05
4-F-C5H4P -19.60 -18.37 -19.44
4-Cl-C5H4P -18.76 -17.53 -18.60
4-NO2-C5H4P -21.94 -20.71 -21.78
4-CH3-C5H4P -15.69 -14.46 -15.53
4-CF3-C5H4P -21.38 -20.15 -21.22 -21.22
4-OCH3-C5H4P -13.33 -12.10 -13.17 -13.17

a Experimental data taken from ref 8.b Experimental data taken from
ref 36.

TABLE 7: Mean Absolute Error (MAE), Linear Regression
Equation (LRE), and Correlation Coefficients of Proton
Affinity (PA), Gas-Phase Basicity (GB), and pKa Value

Y no. of samples MAE LRE R2

PA 14 1.0 Y ) 1.01x - 1.72 0.99
GB 14 0.9 Y ) 1.03x - 5.54 0.99
pKa

1 13 0.6 Y ) 0.94x + 0.41 0.94
pKa

2 13 1.2 Y ) 0.94x - 0.75 0.94
pKa

3 11 0.7 Y ) 0.91x + 0.29 0.95

Figure 2. Correlation between experimental and calculated proton
affinities of the nitrogen and phosphorus compounds considered.

Figure 3. Correlation between experimental and calculated gas-phase
basicities.

Figure 4. Experimental pKa versus calculated absolute pKa
1 values.

Figure 5. Experimental pKa versus calculated relative pKa
2 values.
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values calculated using the three distinct approaches outlined
already. Within the limited number of available experimental
values, the correlation coefficients are rather similar, around
0.94-0.95. Accordingly, the following values have been
calculated for phosphinine using the three methods

The pKa
1 and pKa

3 values are closer to each other, whereas
the pKa

2 value differs from the others by more than one unit.
The absolute pKa

1 value has been calculated by using cycle 1
(Scheme 2). In this method, the result mainly depends on the
chosen value for∆Gs(H+). This is, in fact, the weakness of this
method, because the solvation energy of the proton is not known
with high precision. We would refer to ref 19 for a detailed
discussion on the determination of this value. As mentioned
already, we have selected∆Gs(H+) ) -259.5 kcal mol-1, which
has also been adopted by other authors.37 Another value is∆Gs-
(H+) ) -264.6 kcal mol-1 (ref 19). If the latter value is used,
the pKa(IH +) becomes-27.12, pKa (C5H6N+) ) 2.1, and pKa

(NH4
+) ) 7.48. The former is not consistent at all with pKa

2

and pKa
3.

The pKa
2 and pKa

3 values have been calculated using cycle
2 (Scheme 3). In deriving pKa

2, we need to have the solvation
energies of both H2O and H3O+ species. As the errors committed
on calculated values for both quantities are not mutually
canceled, the resulting error on pKa is expected to be large. The
difference between pKa

2 and pKa
3 values is that, in evaluating

the latter, the H2O/H3O+ reference is not replaced by a specific
base B/BH+ but rather by a series of similar bases with well-
known pKa’s, and the relevant data for the reference series are
also well established. This is actually an interpolation in which
the only unknown quantity is the pKa of the molecule under
consideration. In that context, it can be expected that the errors
of pKa

3 could significantly be reduced thanks to a larger mutual
cancellation of the systematic errors committed on the species
of the same series B/BH+. A limitation of the relative pKa

3

method is that it is rather hard to find out accurate experimental
values to be used as references for a novel compound we want
to evaluate. In the case of phosphinine (I ), we could indeed not
find any experimental value for this functional group; therefore
we have used instead pyridine as their reference. This is certainly
a shortcoming of this approach.

Besides the effect of using thermodynamic cycles in pKa

calculation, the accuracy of the calculated free energies in the
gas phase and in solvent also constitutes a main factor causing
errors on pKa calculation. As seen in a previous section, the
error bars on calculated free energies of gas-phase neutrals and
cations are not large and are usually better than the chemical
accuracy. On the contrary, the errors of calculated free energies
in solvent remain large and are still a challenge for computa-
tional quantum chemical methods. This is one of the reasons
that the pKa

2 approach provides values with poorer agreement
with those obtained using other methods.

Table 7 shows a statistical analysis of the three approaches
for determining pKa of (IH +) and also lists the resulting linear
regression equations and correlation coefficients. The regression
equations could be employed for determining the pKa of
phosphinine derivatives when the PAs and/or GBs are available.

Both the number of samples used and the mean absolute
errors (MAEs) given in Table 7 pledge in favor of the absolute
pKa

1 and relative pKa
3 values. If we now consider the average

value of pKa
1 and pKa

3 as our predicted value for the pKa of
protonated phosphinine, we thus obtain pKa(C5H6P+) ) - 16.1
( 1.0. This value markedly differs from the value of pKa )
-10 reported in ref 6. The reason for such a discrepancy appears
rather simple: In the 1971 study,6 the authors used the
semiempirical CNDO/2 method to evaluate the PA of (I ) and
other parameters. The errors committed by such a method were
obviously large. As mentioned in the Introduction, to derive
the pKa(IH +), the PAs of 192 and 213 kcal mol-1 were used
for pyridine and phosphinine, respectively, in a simple com-
parison scheme for basicities. Table 4 indicated that the absolute
errors amount up to 3.8 and 9.0 kcal mol-1 for the PAs,
respectively.

4. Concluding Remarks

In the present investigation, we have reevaluated the basicity
of phosphine (phosphabenzene) in redetermining its gas-phase
proton affinity and basicity and the pKa of its protonated form.
Using both mass spectrometric techniques and quantum chemi-
cal computations, we have obtained the values of PA(C5H5P)
) 195.8( 1.0 kcal mol-1 and GB298(C5H5P) ) 188.1( 1.0
kcal mol-1 that are in good agreement with previous results.
We then derived a value of pKa(C5H6P+) ) -16.1 ( 1.0 in
aqueous solution, which markedly differs from the currently
available value of-10 (ref 6). A reason for the discrepancy
can be found in the fact that less accurate PAs tabulated using
the semiempirical CNDO/2 method were employed in the earlier
study. We hope that the presently reevaluated pKa value could
be used as a reference in future studies on basicity of
phosphinines. From a theoretical point of view, our present
results point out again that the B3LYP method, when used in
conjunction with a basis set from a 6-311++G(d,p) quality,
provides PAs quite close to the experimental values. At this
level, the corrections due to BSSEs are rather negligible (0.1-
0.2 kcal mol-1).
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