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We have investigated the basicity of phosphiningH4P, phosphabenzene) in reevaluating its proton affinity

(PA) and gas-phase basicity (GB) and tlig palue 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 PAfzP) = 195.8+ 1.0 kcal mot! and GBgg(CsHsP) = 188.14 1.0 kcal mot?,

in good agreement with previous results. We then derived a valu 0€gHsP") = —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 tKg @f 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 0-10.2 kcal mot? 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-

SCHEME 1: 43-Phosphinine (I) and 23-Phosphinine (Il)
4

phorus atom is incorporated into the six-membered ring. While 5 X3 N
the A3-phosphinine 1) is the P-analogue of pyridine}®-

phosphinine I( ) is a typical phosphorus compound (Scheme 6 2 F
1). Several reviews on the rich chemistry of phosphinines have P H/P\H

already been available in periodicals and bobksr 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 pareni3-phosphininel() for which relevant quantitative

@ (I

of the acidity of the protonated species considered and,

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 theky value of its protonated form in
a solution. Gas-phase proton affinity o¥phosphininel() was
determined by Hodges et &to be PA(GHsP) = 195.8 kcal
mol~1, which is far smaller than the corresponding value of
pyridine, namely, PA(€HsN) = 219.4 kcal mot?, but it is
closer to that of the arsenic derivative, PAKHEAS) = 189.3
kcal mol™. 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 ROTTf (alkyl
triflate) or CRCO,H. Earlier theoretical studiés® 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 {Gite), even though the

conversely, the basicity of the neutral counterpart.

In a 1971 papet,Oehling and Schweig used the semiem-
pirical complete neglect of differential overlap (CNDO/2)
method to evaluate theKp of both N-protonated pyridine and
P-protonated phosphinine and obtaindt,(€sHsP) ~ —10.
The latter value was obtained on the basis of the following
data: pKy(CsHgN™) = 5.2, PA(GHsN) = 213 kcal mot?, and
PA(CsHsP) = 192 kcal mof?. According to these authors and
in comparison with the differences of PA anidgexperimental
values of the parent couple NiPH;, a difference of 21 kcal
mol~t 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 ¢€0CsHgsP™)
= —10 reported in ref 6 has been adopted and recorded in
various books as a reference value without any further critical

reported results showed a rather poor quantitative agreementvaluation. In view of the surprising scarcity of accurate results

with the experimental PA, the difference amounting, in fact,
up to 27.8 kcal mol™.

Another way of characterizing the basicity of a neutral
molecular system is to consider thEof its protonated form
in various solutions. Thisky, value is, in such a way, a measure
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on both PA and K, 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 onky 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 thekp.
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TABLE 1: Equilibrium Proton Transfer Thermochemical
Data for Reactions IH" + B — | + BH™

Pham-Tran et al.

TABLE 2: Calculated and Experimental Geometrical
Parameters of A3-Phosphinine (l)

BH &

parametefs HF MP2 B3LYP HLYP B3PW9l exptl

B AGre @ GBaedB)*Y ApS’(B)*d GBoeg(l)o®
methyl acetate —0.406+ 0.143 189.0 1.195 188.6
acetone +0.526+ 0.024 186.9 2.079 187.5

akcal mol™® bcal molt K1 ckcal mol?® 9Taken from ref 8.
¢ ApS’(1) = 0, value assumed.

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 moleculd)(has been carried out by the
proton-transfer equilibrium constant method.

(DH" + B — (1) + BH" (B = methyl acetate and acetone)
1)

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 neutré)sad 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) x 108 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 of4 s, all the ions were
relaxed to thermal energies by the presence of the static pressur
of the neutral reactants. This condition was checked by
measuring the rate of disappearance of the reactive sgeties
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 ibhs and/or BH
were allowed to react with the neutral molecules. Equilibrium
was generally attained after a delay of13D s; the reversibility

of the reactions has been checked by performing three experi-

ments where the selected ions were eithet or BH*, or both.
The ratio of peak intensities of BHIH * 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 chang&i:Gr° = —RTIn K. The temperature of 320 K
has been used in the estimation/ofGt°. 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 eaflier.
Polarizability values of 6.4, 7.1, and 10.C Avere used for
acetone, methyl acetate, and phosphinine, respecfively.

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

GBygg(l) = GB,gg(B) + A,G;° +
(T - 298)A,S°(1) — A,S(B)] (2)

PAydl) = GBygll) + 298[S,e5(H") — AS(N]  (3)

whereApS’(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 GBgl) = 188.1 kcal mot?, with a
probable error of:1.0 kcal mot?, is thus deduced from our
MS experiments. This GB leads to a proton affinity of 8A

Bond Length (A)

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)
Al 100.8 100.0 100.1 100.4 100.1 101.1
A2 125.1 125.7 1254 125.3 1254 124.4
A3 122.6 123.1 123.2 122.6 122.6 123.7
A4 122.8 1225 122.7 122.7 1227 122.7

aSee Figure 1 for definition of parametebsTaken from ref 11.

(I = 195.84 1.0 kcal mot?, which is almost coincident with
the value previously reported by Hodges ef al.

2.2. Quantum Chemical CalculationsIn 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

B+ H"=BH" (4)
where B and BH denote the base and its conjugate acid,
respectively. Equation 5 was used to calculate the absolute
proton affinity?1% in which AEg represents the difference in
electronic energies between the neutrals and the protonated
forms at 0 K. AZPE corresponds to the difference in zero-point
energies, whereas the last te®@aRT, describes the thermody-
namic temperature correction. The absolute PAs were calculated
by means of different quantum chemical methods.

5

PA=—AH = AE, + AZPE+ 3RT (5)

Phosphininel() belongs to thé&,, 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 resulfsye note that the PC
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 bond lengths are similar to those reported
in previous calculation¥'3 Thus, the G-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 vafues.
The results obtained using B3PW91/6-31#G(d,p) are in
better agreement with experimental values.

Phosphinine exhibits, in principle, four positions that could
be protonated, namely the P,,GCs, and G 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 6-31#-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
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TABLE 3: Computed Gas-Phase PAs (kcal moll) at Different Sites of (1)

protonation site MP2 B3LYP* B3LYPH CCSD(TY G1 G2 exptl.
P 194.3 (2.6 195.7 (0.3) 197.6 (0.3) 195.8 193.7 194.9 195.8
Ca 177.5 (2.6) 184.8 (0.2) 185.0 (0.%) 183.7 179.1 179.6
Cs 167.0 (1.9) 175.3 (0.2) 175.4 (0.3) 174.6 170.2 170.6
C, 175.0 (1.9) 182.9 (0.2) 183.4 (0.%) 182.4 178.1 178.7

2 Seeing Figure 1 for atom definitio.Based on MP2/6-3tt+G(d,p) optimized geometry.Based on B3LYP/6-311+G(d,p) optimized
geometryd Based on B3LYP/aug-cc-pVTZ optimized geome®The values of BSSE correction in kcal malf Experimental value determined
in this work, see also ref 2.

TABLE 4: Calculated and Experimental Protonation

‘Rc Thermochemistry of Considered Molecules
cal mo cal mo
Cy PA (kcal mof?) GB (kcal mof?)
A3\R$ - base calcd exptl dev. calcd expl dev.
CB Rs NH3 203.8(0.9 203.6 0.2 196.1 1957 0.4
A CHsNH, 2147 (0.¥) 2149 0.2 207.0 206.6 0.4
(CHa).NH 221.7(0.8) 2222 05 2139 2143 04
R, (CH3)aN 2259(0.8) 226.8 0.9 2181 2194 1.3
A (CHa3)sP 227.2(0.8 2292 2.0 2194 2214 20
'Co, (CHs)2CeHsP 230.1(0.8 2316 15 2224 2239 15
A Ry CsHsN 223.4(0.83) 2220 1.4 2156 2147 0.9
R, 3-F—CsHy4N 216.3(0.3) 2156 0.7 2085 208.0 0.5
P 3-ClI-CsH4N 217.5 (O.g) 2159 1.6 209.7 2083 1.4
; ; 3_ i 4-Cl-CsH4N 220.0(0.3) 219.0 1.0 2122 2113 0.9
Figure 1. Geometric structure of3-phosphinine I().. . ACH—CiHiN  2281(0.8) 2264 17 2203 2188 15
of the neutral substrate could eventually be incurred in such a 4-0CH—CsH,N  231.4 (0.8) 229.9 1.5 2236 2222 1.4
way that a certain correction on the calculated PA might be 4-CN-CsH,N  2115(0.3) 2105 1.0 203.8 2029 0.9
needed. It is usually expected that a deviation of a calculated %E_S'(D: HP igg'g gg'g 1958 02 1%%799 1875 0.4
PA value main]y arises from an inherent shortcoming of the 4_C|_55H44p 191.5 (0:2) 183.8
guantum chemical method employed rather than from the lack 4-NO,—CsH,P  181.0 (0.3 173.2
of BSSE correctiot However, it has been demonstrated in 3'823_853“5 igg-g gg-% 1%-(13
: H : - —CsH4l . . .
previous studi€ that the BSSE corrections on the calculated 4-OCH—CHpP 2049 (0.1 1971

PAs could be as large as 3.3 kcal mo(13.9 kJ mot?). In )
fact, using the counterpoise method to evaluate the BS8te, * Experimental datf‘ taken from ref BThe values of BSSE
resulting correction on the PA of bipyridine was evaluated to S°rection in kcal mot’.

be 0.35 kcal moti! at the HF/6-31G(d,p) level of MO theory
and but amounting up to 3.30 kcal mélwhen the MP2/6-
31G(d,p) level was used. In view of these results, we have 3.1. Methods.In the solution phase, the basicity of a base B
evaluated the BSSE corrections on PAs, also making use ofis usually measured by the acid dissociation equilibrie)of

the counterpoise approach. Concretely, the BSSE value wasthe corresponding conjugate acid (BH Because a more
derived from the single-point energy calculation of the neutral strongly basic B holds a proton more tightly, its corresponding
substrate with hydrogen ghost functions added at the positionBH* ion is less acidic (higheri,), and vice versa. Equation 6
of the proton (at different sites) as found in the optimized defines the [, value of a species.

protonated forms. To evaluate the BSSEs, we have used both

3. Evaluation of pK, Value

the MP2 and B3LYP methods. Calculated PAs are summarized pK, = —logK,
in Tables 3 and 4.
It is clear that P-protonation is consistently preferred over AG® = —-2.303x RT x log K,
carbon-site protonations (Table 3). All the levels agree with each
other, yielding comparable values for the PAs. When using DFT, _ AG°
the effect of enlarging the basis set is small for PA(C) but up PKa = 2.303x RT (6)

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 Recently, there have been several papers showing the
turns out that the B3LYP/6-311+G(d,p) method provides us  theoretical calculation of,17~2° Accordingly, the X, value

with the best agreement with the experimental value for PA- of a BH™ acid could be calculated in different ways. In general,
(P). Regarding the BSSESs, our results point out that, while the this depends on the model of the proton-transfer reaction, which
corrections of 1.72.0 kcal mot! on the MP2 PAs of involves a thermodynamic cycle relevant to the solvation
phosphinine are significant and in agreement with earlier processes. For example, thbsolutepK, method’~2* making
studies!® they are negligible at the B3LYP level (being 6.1 use of the thermodynamic cycle (cycle 1) summarized in
0.2 kcal mot?, Table 3). The BSSEs, calculated using the Scheme 2. It follows that theKy value could be calculated
B3LYP/6-31H+G(d,p) method for a series of phosphines and from the Gibbs free energy of the reverse reaction

amines and listed in Table 4, also show that the resulting

corrections are quite small. In addition, BSSE corrections do BH =B +H" )

not systematically improve the agreement between calculated

and experimental PAs. Overall, for the sake of uniformity and whereby

consistency with the available literature, we select the B3LYP/

6-311++G(d,p) + ZPE level to calculate PAs of other oK. = AG®  _AG® )
compounds considered in this work (cf. Table 4). a 2.303x RT 1.36
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SCHEME 2: Thermodynamic Cycle 1 Used to Evaluate
PKa

BH —2%= , B H
(gas) (gas) (gas)
+ +
T-AG,,,(BH") L AG,,B) LAG,, 1)
AG
BH,, —=—> B + H,

(aq) (aq) (aq)

SCHEME 3: Thermodynamic Cycle 2 Used to Evaluate
PKa

+ AG gos +
HZO(gaS) + BH(gaS) £ B(gﬂS) + H3O(gzs)
+ +
T -AGsolv (Hzo) T -AGso]v (BH ) i AGsolv (B) i AGsol\/ (H3O )
+ AGyq +
H,0y + BHg ——= By +  HOy
where

AG® = AG, = [AGy,s— AG,,(BH") + AG_,(B) +
AG‘solv(HjL)]
A different approach, callectlative pK, method*2° employs

the thermodynamic cycle outlined in Scheme 3. Accordingly,
the proton exchange reaction 9 and eq 10 are used

BH" + H,0=B + H,0" (9)
__ AG _AG _
PKa=35308x R 09M01=735—1.74 (10)

where
[H,0] =55.5 mol L'*

AG® = AG'aq = [AGgas_ AGsolv(BHJr) - AGSOI\XHZO) +
AG‘solv(B) + AGSO|\XH30+)]

AGgyy= Gyod B) — God BH) + G {Hi0") — Gy {H,0)

Another way of calculating the relativeKp value consists
of using the pair of a reference bé&sand its conjugate acid
(AJAH ™) with well-known K, 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

BH +A=B+AH" (11)
AG® AG®
pK(BH") = 2303 RT T~ PRaAH N= 136 PKAH B
' ' (12)
where
AG® = AGaq: [AGgas_ AGsolv(BH-'—) - AGsoI\XA) +

AGsolv(B) + AGsolv(AHjL)]
and
AGgasz GgagB) - GgaiBH-‘—) + Ggas(AH+) - Ggas(A)
As for the necessary calibration, we have first used all the

approaches mentioned already to determine #gvalues of
some compounds whosé&gs have been determined experi-

Pham-Tran et al.

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

AGsoi(B) (kcal moll)  AGsa(BHT) (kcal mol?)

B calcd exptt calcd exptt
H.O —6.18 —6.3 —104.95 —104
NH3 —-4.37 —-4.3 —79.91 =79
CHsNH; —4.49 —4.6 —70.46 —70
(CHs).NH —-3.99 —-4.3 —64.75 —63
(CHg)sN —2.85 —-3.2 —58.14 —59
(CHa)sP -0.43 —51.19 —52
(CHg3).CeHs P —0.45 —45.95
CsHsN —4.85 —4.7 —55.63 —59.0
3-F—CsHuN —4.34 —59.10
3-CI-CsHaN -3.70 —57.96
4-Cl-CsHaN -3.37 —56.63
4-CH;—CsH4N —4.54 —53.35
4-OCH;— —6.12 —52.98
CsHaN —6.45 —62.89
4-CN—CsHsN
CsHsP —=2.77 —52.31
4-F—CsH,P —2.01 —51.83
4-Cl-CsH4P —-1.77 —51.92
4-NO,—CsH,P —3.85 —60.21
4-CH;—CsH4P —2.56 —49.03
4-CR—CsH4P —-1.31 —53.54
4-OCH;—CsHsP —3.34 —47.53

a Experimental data taken from ref 33.

mentally, namely the simple ammonium derivativesRiRs;—
NH™), phosphonium derivatives {R,R;—PH"), and substituted
protonated pyridines (RCsHH4NH™). Finally, we have com-
puted the basicity for the protonated form of phosphinine and
its substituted (R CsHH4PH") derivatives.

Note that, in the absolute method (thermodynamic cycle 1),
we have selected the experimental value§gfH*) andGson
(H™) that amount to—6.28 and—259.5 kcal mot?, respect-
ively.3%-32|n all of the methods calculating{g values, the Gibbs
free energy change of the reaction in gas pha€gg.s was
computed at the same level of theory used for the gas-phase
proton affinity, namely the B3LYP/6-31+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 differenc&Gsq, Was calculated
using the polarizable continuum solvation mgéét (PCM),
in which the united atom for Hartred=ock (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 tBaussian 98pro-
gram3

3.2. Results.The calculated results are recorded in Tables
4—7 and Figures 26. The K, values of different acid BH's
were calculated by using the three equations 8, 10, and 12 and
are named Ka!, pK2, and K3, 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 databas&he 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 PHs, CH3PH,, (CHs),PH, and (CH)3P, respectively.
Triethylphosphine (gHs)sP also exhibits a larger PA of 235.6
kcal mol2,
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TABLE 6: Calculated and Experimental pK, Values

g 240 -
base K dev. pkZ dev. K dev. Ka(exptl) %
NH;3 8.86 0.4 10.09 0.8 9.26 0.0 926 X 230 -
CHsNH; 9.84 0.8 11.07 04 1023 04  10%6 8
(CHs)2NH 1110 04 12.33 1.6 1150 0.8  10%3 S 220
(CHs)sN 10.19 0.4 1142 1.6 10.59 0.8 931 2
(CHs)3P 7.83 0.8 9.06 04 8.23 04 8%5 %
(CH3)2CeHsP 6.11 04 734 08 651 0.0 650 @ 210 1
CsHsN 5.04 0.2 6.27 1.1 5.21 0.0 5.21 £
3-F—CsHN 275 02 398 1.0 293 04 2.97 @ 200 |
3-Cl—CsHN 328 05 451 1.7 345 0.6 2.81 ] y=103x-554
4-Cl—-CsHsN 435 0.5 558 1.8 452 0.7 3.83 s 190 | R?=0.99
4-CHz—CsH4N 7.03 1.0 8.26 2.2 721 1.2 6.03 s
4-OCH;—CsHsN 8.02 14 9.25 2.7 8.19 1.6 6.58 E
4-CN—CsH4N 052 1.3 1.75 0.1 0.69 1.2 1.86 g 180 T T T T )
CsHsP —16.21 —14.98 —16.05 o 180 190 200 210 220 230
j:gfé:'ﬁfp :ig:?g :1?% :ig:gg Calculated Gas-Phase Basicities (Kcal/mol)
4-NO,—CsHsP  —21.94 —20.71 —21.78 Figure 3. Correlation between experimental and calculated gas-phase
4-CHz—CsH4P —15.69 —14.46 —15.53 basicities.
4-CR—CsHsP  —21.38 —20.15 —21.22 —21.22
4-OCH;—CsH4P —13.33 —12.10 —13.17 —-13.17 12 4
a Experimental data taken from ref 8Experimental data taken from 10
ref 36. i

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

Experimental pKa
»

Y no. of samples MAE LRE R?
4
PA 14 1.0 Y=1.0x—-172  0.99
GB 14 09 Y=1.0X%-554 099 y=094x+0.41
K.t 13 06  Y=094&+041 0.94 21e RE=0094
pK2 13 1.2 Y=0.94—-0.75 0.94
pK2 11 0.7 Y=0.91x+0.29  0.95 0 . : . : . .
0 2 4 6 8 10 12
It is worth noting that the N-site PA of 210.4 kcal mélof Calculated pKa1

aniline (GHsNHy) is smaller than that of 215.2 kcal mdlof

. A Figure 4. Experimental |, versus calculated absoluté&p values.
methylamine (CHNH,), whereas the P-site PA of 207.9 kcal

mol~1 of phenylphosphine (§HsPH,) is actually larger than that 12 -
of 203.8 kcal mot? of methylphosphine (CHPH,). Such a
larger effect of a phenyl group on PA(P) is manifested in 10 4

(CHg)3P and (CH)2(CgHs)P where the PA(P)s amount to 229.2
and 231.6 kcal motft, 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 mot* in pyridine is larger than

Experimental pKa
)

that of 204.2 kcal moit in ammonia. A similar trend is observed 41
for the PA(P) in phosphinine (195.7 kcal mé) and phosphine 5]
(187.4 kcal mot?) but with a markedly smaller gap. Thus, to

increase its basicity, nitrogen profits much more than phosphorus 0

from the z-electron system within the six-membered ring. In 0 ) 4 6 s 0 12

fact, the sharp position of the P lone pairs does not facilitate Calculated pKa2

240 - Figure 5. Experimental |, versus calculated relativeKg? values.
. electron delocalization. In both series of pyridines and phos-
phinines, a similar trend of the effect of substituents attached
at thepara (C,) 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

230 -

220 -

210 -
y=1.01x - 1.72
R =0.99

Experimental Proton Affinities (Kcal/mol)

200 method already outlined here, with a deviation of, at most, 1.0
kcal molt. For the series of pyridines, we were not able to
190 \ \ ‘ ‘ ‘ find experimental values for substituted derivatives. It is apparent
190 200 210 220 230 240 that the errors of the calculated values for this series could be
Calculated Proton Affinities ( Kcal/mol) somewhat larger.

Figure 2. Correlation between experimental and calculated proton  We now turn to the results obtained fd€precorded in Table
affinities of the nitrogen and phosphorus compounds considered. 6. Figures 4, 5, and 6 illustrate the correlations between the
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Figure 6. Experimental K, versus calculated relativeKg? values.

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

pK(IH ") = —16.21
pK A (IH ") = —14.98
pK X(IH ") = —16.05

The Kt and K values are closer to each other, whereas
the K2 value differs from the others by more than one unit.
The absolute Ig; value has been calculated by using cycle 1
(Scheme 2). In this method, the result mainly depends on the
chosen value foAG4(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 mentione
already, we have selectddsg(H1) = —259.5 kcal mot?, which
has also been adopted by other autiénother value isAGs
(HT) = —264.6 kcal mot? (ref 19). If the latter value is used,
the K4(IH ™) becomes-27.12, K, (CsHeN™) = 2.1, and K,
(NH4") = 7.48. The former is not consistent at all witK 8
and K2

The K22 and K values have been calculated using cycle
2 (Scheme 3). In derivingka?, we need to have the solvation
energies of both kD and HO™ species. As the errors committed
on calculated values for both quantities are not mutually
canceled, the resulting error oK pis expected to be large. The
difference betweenka? and K 3 values is that, in evaluating
the latter, the HO/H3O™ reference is not replaced by a specific
base B/BH but rather by a series of similar bases with well-
known Kj'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 thekp of the molecule under
consideration. In that context, it can be expected that the errors
of pKg 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 g3
method is that it is rather hard to find out accurate experimental
values to be used as references for a novel compound we wan
to evaluate. In the case of phosphiniihg (ve could indeed not
find any experimental value for this functional group; therefore

d

we have used instead pyridine as their reference. This is certainly

a shortcoming of this approach.

Pham-Tran et al.

Besides the effect of using thermodynamic cycles iy p
calculation, the accuracy of the calculated free energies in the
gas phase and in solvent also constitutes a main factor causing
errors on K, 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 X2 approach provides values with poorer agreement
with those obtained using other methods.

Table 7 shows a statistical analysis of the three approaches
for determining K, of (IH 1) and also lists the resulting linear
regression equations and correlation coefficients. The regression
equations could be employed for determining thi€, pof
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
pKat and relative g8 values. If we now consider the average
value of Kt and (K 2 as our predicted value for theKp of
protonated phosphinine, we thus obtaly(CsHsP™) = — 16.1
+ 1.0. This value markedly differs from the value dp=
—10 reported in ref 6. The reason for such a discrepancy appears
rather simple: In the 1971 studythe authors used the
semiempirical CNDO/2 method to evaluate the PAIgfgnd
other parameters. The errors committed by such a method were
obviously large. As mentioned in the Introduction, to derive
the Ky(IH ™), the PAs of 192 and 213 kcal mdlwere 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 mblfor 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 thekp of its protonated form.
Using both mass spectrometric techniques and quantum chemi-
cal computations, we have obtained the values of BHER)
= 195.8+ 1.0 kcal mot?! and GBgg(CsHsP) = 188.1+ 1.0
kcal mol! that are in good agreement with previous results.
We then derived a value ofkg(CsHeP") = —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 reevaluatgyalue 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 6-3t+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 mot?).
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