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Abstract: A simple but efficient computational approach to calculate pKj, in acetonitrile for a set of
phosphorus, nitrogen, and carbon bases was established. A linear function that describes relations
between the calculated AG’, so)(BH*) and pK, values was determined for each group of bases.
The best model was obtained through the variations in the basis set, in the level of theory (density
functionals or MP2), and in the continuum solvation model (IPCM, CPCM, or SMD). The combination
of the IPCM/B3LYP/6-311+G(d,p) solvation approach with MP2/6-311+G(2df,p)/ /B3LYP/6-31G(d)
gas-phase energies provided very good results for all three groups of bases with R? values close to
or above 0.99. Interestingly, the slopes and the intercepts of the obtained linear functions showed
significant deviations from the theoretical values. We made a linear plot utilizing all the conducted
calculations and all the structural variations and employed methods to prove the systematic nature
of the intercept/slope dependence. The interpolation of the intercept to the ideal slope value enabled
us to determine the Gibbs energy of the proton in acetonitrile, which amounted to —258.8 kcal mol 1.
The obtained value was in excellent agreement with previously published results.

Keywords: basicity; pKj; solvation; quantum chemical calculations; Gibbs energy of a proton

1. Introduction

Considering that the deprotonation of the reactant is a crucial step in many organic
reactions, organic (super)bases have wide applications as catalysts in organic synthesis [1,2].
Besides well-known guanidine derivatives, Schwesinger’s iminophosphoranes (phosp-
hazenes) and vinamidines are probably the best-known examples [3-9]. During the last
ten years, a significant amount of work has been conducted on the design and synthesis of
triguanides [10] and their relatives termed BIG-bases [11], cyclopropenimines [12-14], and
proton sponges based on phosphazene and cyclopropenimine subunits [15-18]. A common
feature of all aforementioned (super)bases is the nitrogen atom that serves as a proton
acceptor, and they are commonly termed nitrogen superbases (hereafter termed N-bases).

Despite recognizing phosphines as Bronsted bases, they are better known as ligands
for transition metals [19]. Since the 1990s, many novel phosphines have been developed
with a strong indication of their superbasic properties [20,21]. Perhaps, the most known
phosphine superbases are proazaphosphatranes (Verkade bases) [22-28], tetramethylguani-
dinophosphines [29-32], and trisphosphazenophosphines (PP3) [33,34]. Tetramethylguani-
dinophosphines with measured "™FpK, above 24 and A“NpK, above 29 [32,34-37] are
comparable or even stronger bases than Schwesinger’s P2 phosphazenes, whereas trisphos-
phazenophosphines appear to be even stronger than P4 phosphazenes.

Other non-nitrogen superbases that came to attention in the last decade are phospho-
rous ylides, whose basicity limit is estimated to surpass those of phosphazenes [38]. For
the ylides bearing Schwesinger’s P1 phosphazene subunits (P1 ylides), pK, of up to 33.5 in
THF was measured, and this pK, value is comparable to Schwesinger’s P4-phosphazene
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base [39]. Ylide functionality was also employed in the synthesis of naphthalene-1,8-
bisylide, the Proton Sponge® analog with high basicity and weak tendency to form an
intramolecular hydrogen bond [40].

Hard work devoted to the design and measurements of novel non-nitrogen superbases
has been generally supported by gas-phase basicity (GB) and pKj calculations with various
success. Unlike nitrogen bases, the standard DFT theoretical models for the GB and pK,
calculations of phosphines have previously led to significant errors. Utilizing B3LYP/6-
311+G(2df,p)/ /B3LYP/6-31G(d) in combination with PCM HF/6-31G(d) solvation-energy
calculations, Kovagevié and Maksi¢ [41] estimated A““NpK, of phosphazenyl phosphine
(PP3H") to ca 50, which appeared to be overestimation by ca 7 pK, units as shown later
on [34,42]. This apparently originates from the substantial error in the computed GB of the
P(N(Me)CH,CH,)3N (Verkade base), which served as a reference for pK, calculations. A
year later, Koppel, Leito, and coworkers [37] measured the gas-phase basicity of the Verkade
superbase and showed that the discrepancy against the B3LYP calculated value was higher
than 20 k] mol~! (>4 kcal mol~!). DFT methods have also lead to the underestimation
of the calculated basicity of tricyclohexylphosphine (PCy3), as demonstrated in a paper
of Liu et al. [43]. According to their results, the MP2/6-311+G(2df,p)//B3LYP/6-31+G(d)
approach outperformed all tested DFT methods. Nevertheless, the possibility of choosing
an inappropriate reference base still remains.

The simplest approach to calculate the pK, values of species AH (acid) or BH* (con-
jugate acid of base B) is based on the thermodynamic cycle [44] and can be expressed by
Equation (1) [45].

pKa(AH/BH) = AG, 11 (AH/BH")/In(10)RT + G (H*)/In(10)RT 1)

Equation (1) relies on the definition of AG’, soj(AH/BHT), which stands for the reduced
basicity of base A~ or B in solution and equals difference in the Gibbs energies of the neutral
and protonated forms of the acid/conjugate base pair. Gg,(H") is the Gibbs energy of the
proton in a given solvent; R is a general gas constant; and T is the temperature.

The separation of the Gibbs energy of deprotonation (AG’, 5)) from the Gibbs energy
of the proton (G, (H")) in a given solvent S allows the experimental data for Gg, (H™)
to be used if available. Since the second term of the equation is a constant (for a given
computational approach), Equation (1) could be used for the prediction of pK, even in a
solvent for which the solvation energy of the proton is unknown. This is usually performed
by creating a linear fit for a series of known bases, which at the same time serve as
multiple and significantly more reliable reference points. The second problematic point
in pK, calculations is the accuracy of the computed solvation energies of the neutral and
protonated forms. Widely used continuum solvation models (CSMs) usually suffer from
systematic errors, as it was shown by Klamt et al. [46,47], leading to the slope of the
linear function that significantly differs from the ideal value, which amounts to 1/In(10)RT.
Nevertheless, linear functions that use the method-dependent slope and intercept employed
by Perakylla [48] and by us [45,49] proved to be a powerful tool for predicting pKss,
presumably due to the self-correction of the systematic errors [45]. Similarly, Busch et al.
recently described the universal approach to pK, values in non-aqueous solvents from
experimental data measured in water [50]. They emphasized a need for a scaling approach
due to the shortcomings of the SMD solvation model. Besides that, the linear function
given in Equation (1) also indicates a possibility for determining G, (H*) from measured
pKas. Due to the high importance of Gy, (H*) [51], its evaluation from the intercept of such
function seems very attractive and was already attempted by Matsui et al. by employing
their AKB Scheme [52,53]. The AKB scheme is a mathematically slightly rewritten form
of our approach in which the authors define the scaling factors that multiply the ideal
slope in their fitting procedure. In line with comments on the systematic errors, AGy,(H")
values obtained using the AKB scheme significantly differ with respect to the employed
computational method and the structure of the acid/base in question. Therefore, AGg, (H*)
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values obtained through the AKB scheme cannot be considered a good estimate unless
highly accurate computational methods with scaling factors of 1 are used.

In this work, we present the results of our linear fitting approach to calculate the
pKa values of neutral nitrogen, phosphorus, and carbon organic (super)bases. Due to the
observed shortcomings of the B3LYP methods mentioned above, we considered that our
original approach [45] needs improvement and decided to re-examine various computa-
tional methods, emphasizing the pK, values of phosphines. The accuracy of the gas-phase
basicity calculations was tested by employing several density functionals and the MP2
level of theory. The solvation energies of neutrals and ions were calculated using the IPCM,
CPCM, and SMD continuum solvation models. By taking advantage of several compu-
tational approaches used in this work, we found that a very good estimate of AGg,(H™),
which is method and structure independent, may be derived from pK,s through the “two-
fit” approach. The second fit was introduced to overcome the systematic errors in pK,
calculations inherited from the implicit solvation models [46].

2. Results and Discussion

The structures of phosphines with experimentally measured gas-phase basicity (GB)
are given in Scheme 1.

R1

| P—
RZ/P\R3

1 R,=R,=H:R; = Me 9
2 R;=H;R,=R;=Me
3 Ri=R,=R3=Me Me
4 R,=R,=R,=Et Me. N
5 R;=R,=Me;R;=Ph N P\[\F/Me
6 R;=Me;R,=R;=Ph &NJJ
7 R;=R,=R3=Ph
8 R; =R, =Rj3=cyclohexyl 10

Scheme 1. Structures of the phosphine bases with measured gas-phase basicity.

We shall start our discussion with a brief comment on the derivatives with measured
GBs. The experimental GBs of phosphines 1-10 (Table 1) were mostly reliable data taken
from the NIST table or from the paper by Kaljurand et al. [37,43,54]. Phosphine 8 deserves
a separate comment. The authors measured proton affinity PA(8) using the Cooks simple
kinetic [55] and the bracketing technique [56], assuming similar entropies of protonation
(ASp) of the measured and reference bases. However, AS,, of the diamines used for the
bracketing measurements was expected to significantly differ from that of phosphine 8. In
these cases, GBs instead of PAs should be used [57-59]. Therefore, we recalculated GB(8) by
taking the GB data of the reference bases and obtained 236 + 3 kcal mol ! (see Section S2 in
Supplementary Materials). This value was used for the initial testing of the computational
approaches in the gas phase.
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Table 1. Comparison of the experimental and calculated gas-phase basicity values for the selected

phosphine bases ?.
Base GB
exp M1 M2 M3 M4 M5 Meé M7

1 195.4 196.9 196.9 194.5 195.2 196.6 196.5 199.7
2 209.8 210.6 210.5 207.5 208.3 209.2 209.1 213.3
3 2214 2215 221.8 217.4 218.4 218.7 2189 2241
4 227.5 2274 227.2 223.3 2242 223.7 2239 229.7
5 2239 2253 2257 220.3 2212 2213 221.1 227.6
6 224.6 227.0 227.8 2219 2227 2219 221.8 229.9
7 224.8 229.2 230.4 223.5 224.3 2225 222.8 232.0
8 éZ%ALb 239.4 240.3 235.3 236.2 234.7 234.3 242.6
9 2239 225.8 225.6 221.8 222.7 222.3 2224 228.5
10 259.0 252.8 251.1 249.2 251.6 258.8 258.1 257.0
slope 1.081 1.084 1.117 1.091 1.014 1.026 1.059
intercept —19.1 —20.1 —22.8 —18.2 -1.5 —4.0 —17.3
R? 0.975 0.958 0.986 0.990 0.992 0.994 0.979

2 The employed computational models are as defined in Computational Details. b Derived from PA(8) = 249 kcal
mol~! [43] (see Supplementary Materials).

The gas-phase basicity values of ten phosphines (Scheme 1) were calculated using
seven different computational approaches, and the results were compared with the litera-
ture data [54].

The most difficult GB to reproduce was that of Verkade base 10, since all DFT ap-
proaches deviated by 6.2-12.7 kcal mol~!. MP2 calculations (models M5 and M6) provided
a very good estimation of the GB, and they favorably compared with the value of 258.5 and
258.9 kcal mol~! calculated using the G3B3 and G4 approaches, respectively. These two
models also showed the best correlation data, with M5 being slightly closer to the ideal
slope and intercept values of 1 and 0, respectively. On the other hand, the M6 model showed
very close alignment to a trendline obtained for a set of nitrogen bases (Figure 1). The same
comparison derived from the M1 data is given in Supplementary Materials (Figure S1). The
result favored our corrected value for the GB of base 8 over the literature data.

280.0 4

270.0 - y =1.036x — 5.084
R?=0.996

260.0 1

250.0 1

y =1.026x - 3.952

240.0 - R?=0.994

230.0 1

220.0 1

GBeyp(B) / keal mol?

210.0 1

200.0 4

190.0 4 ® N-bases

. P-bases
180.0 T T T T T T T T |
180.0 190.0 200.0 210.0 220.0 230.0 240.0 250.0 260.0 270.0

GB_,.(B)/ kcal molt

Figure 1. Correlation of the experimental against calculated GB values for a set of nitrogen bases
(blues circles) and selected phosphines (orange triangles). All GB,. were calculated using the
MP2(fc)/6-311+G(2df,p)/ /B3LYP/6-31G(d) approach (M6 model).
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3. Calculation of pK,

As mentioned in the Introduction, our approach to pK, is based on a simple ther-
modynamic cycle (Figure S2, Supplementary Materials). The choice of the model and a
more detailed mathematical description of the calculation is given in the Supplementary
Materials. The Gibbs energies of each species in solution (G, (B) and G, (BH")) were
obtained by adding the Gibbs energy of solvation (AG®;) to the gas-phase Gibbs energies
of the neutral and protonated species. The reduced basicity in solution (AG’, 5,1) was then
calculated according to Equation (2).

AG/a,sol(]3I_I+) = Gsol(B) — Gsol(BH+) = G(g)(B) + AG(s)(B) - G(g)(BH+) - AG(s)(BH-'—) (2)

The calculated pK, values were then obtained from AG’, s,i(BH) by applying a
linear function (Equation (3)). The corrections for the change in the standard states of the
neutral and protonated species canceled each other, while that of proton remains within
the intercept (see Section S3 in Supplementary Materials).

pKa(BH") =a x AG', sqi(BH") +b 3)

where a and b are the slope and intercept obtained from the pK, vs. AG’, o(BH") linear
regression.

The Gibbs energies for a series of phosphorus bases (Scheme 2) were calculated using
several DFT and MP2 approaches in combination with IPCM, CPCM, and SMD implicit
solvation models (see Computational details). The A“NpK,(BH™) obtained using M6 gas-
phase calculations are given in Table 2. The results obtained using other models are given
in Tables S5-57 in the Supplementary Materials.

i ® 90
P PPh, PPh,

Ry™ Rs

. . PPH, PPH,
trialkylphosphines O OO
11 R1=R2=H;R3=IBU

12 R1=H;R2=R3=IBU

13 Ry{=R;=R3=iBu 33 34
14 R1=R2=R3=fBU

15 R1 = R2 = Me; R3 = CHchch

R
_\ = /P\ = I_

arylphosphines RR,P N7T=N F( R

R
16 Ry=H;R,=R3=Ph R,‘FLR
17 R4 =Ry =Rg3 = p-fluorophenyl |‘Q
18 R4y =Rj3=Rj3 = p-chlorophenyl
19 Ry =R;=Rj=p-tolyl Sundermeyer's bases
20 Rj=Rj;=Rj3=p-methoxyphenyl 35 R=N(CHj),

21 R4 =2-F-phenyl; R, =R3=Ph
22 R4 =Rj=2-F-phenyl; R3 =Ph
23 R4 =Rjy=R3=2-F-phenyl Dielmann’s bases
24 Rq=2,6-Fz-phenyl; Ry =Rz =Ph
25 R1 = R2 = 2,6-F2-phenyl; R3 =Ph
26 R1 = R2 = R3 = 2,6-F2-phenyl

27 R1 = R2 = R3 = 2,6-CI2-phenyI
28 R1 = R2 = R3 = 1-napht

36 R =1-pyrrolidinyl

37 Ry=Ry=NIPr;Ry=iPr
38 R1 = R2 = R3 = NIiPr
39 R1=R2=R3=TMG

EPr \
| I‘Dh F"h N —N 2
Po~p— P. P< | /‘L—N% =N
g i ph AN Popy N N
iPr
29 30 n=0
T™MG
31 n=1 NIiPr
32 n=2

Scheme 2. Structures of phosphine bases with known pK, in acetonitrile.
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Table 2. Comparison of calculated and experimental A“NpK,s for protonated phosphines 3-39 P,

Base B A(C]:g,ffa //IM6 Base B A;leffa //IM6

exp. CPCM IPCM SMD1 exp. CPCM IPCM SMD1

3 155P 16.4 15.7 17.4 22 46] 41 49 4.0
4 16.6 ¢ 16.0 15.1 17.4 23 3.0] 2.7 3.6 22

5 12.7P 13.1 12.9 14.2 24 5.2] 5.7 6.0 48

6 10.04 9.9 9.8 10.2 25 251 2.7 3.7 2.0

7 760 7.3 7.7 7.3 26 0.71 —03 0.5 —21

8 16.1 ¢f 16.9 15.7 18.6 27 1.7} 21 3.1 -14
10 3298 34.1 32.7 36.0 28 6.6 6.6 7.0 6.1
11 5.2¢ 6.2 55 7.4 29 15.6P 15.2 14.0 16.5
12 10.6 € 11.7 10.2 12.9 30 94Pb 9.4 9.0 926
13 15.7¢ 15.4 13.8 16.8 31 9.8P 9.7 9.0 10.1
14 17.0¢ 17.9 17.4 20.0 32 10.2P 9.3 8.2 95
15 13.5¢ 12.3 11.7 14.1 33 80P 7.7 8.6 6.2
16 42h 5.0 5.1 5.3 34 7.8P 8.3 8.8 6.9
17 661 5.7 6.7 6.4 35 434tk 414 427 38.8
18 541 55 5.0 6.2 36 45.4 fk 44.1 453 416
19 9.11 8.3 85 8.1 37 32.71 32.4 324 31.7
20 10.1b 99 10.9 10.1 38 295m 32,5 32.6 31.3
21 6.1 5.8 6.4 5.7 39 38.81 38.8 39.3 37.7
a 0.690 0.637 0.726

b - —1732 —158.8 —187.6
R2 0.994 0.993 0.977
MUE 0.7 0.7 1.3
RMS - 0.9 1.0 1.8

@ For a definition of M6, see Table 1; CPCM = CPCM(ACN)/B3LYP/6-31G(d), IPCM = IPCM(ACN)/B3LYP/6-
311+G(d,p), SMD1 = SMD(ACN)/M06-2X/6-31G(d). P Ref [60].  Ref. [61]. 4 Ref [62]. ¢ ANpK,(14H*) was
measured using the NMR method, while ACNpKa (8H") was obtained from THFpKa (8H"); see Ref. [63]. f Conver-
sion from THFpK, to ACNpK, was performed by employing the following equation: THFpK, = 0.92 x ANpK, —
5.15; see Ref. [39]. 8 Ref. [36]. I Evaluated from half neutralization potential measured in nitromethane (Ref. [64])
and scaled to fit Leito’s data for 1H*, 5H*, 7H*, and 20H". ! Taken from Ref. [61] and scaled to fit Leito’s data
for 1H*, 5H*, 7H*, and 20H*. J Refs. [65,66]. ¥ Derived from THFpKa (35H*) =34.9 and THFpKa(36H+) =36.7 [34].
I Ref. [32]. ™ Ref. [35]. ™ Ref. [67].

Of the employed computational approaches, CPCM/ /M6 and IPCM/ /M6 showed
the best overall agreement with the experimental results (Table 2 and Table S7). In both
cases, the correlation coefficient, RZ, was above 0.99. The mean unsigned error (MUE) and
mean square root (RMS) on pK, were similar, being 1.0 or lower. The most pronounced
differences were the slopes of the trendline, which amounted to 0.637 (IPCM//M6) and
0.690 (CPCM/ /M®), with both being significantly lower than the theoretical value of 0.733.
The largest absolute deviations obtained using these approaches for base 37 were around
3 pK; units above the experimental value. The SMD1/ /M6 approach provided an almost
ideal slope value, while the correlation coefficient significantly dropped to 0.977. The
reason for that lay in the large absolute error calculated for the most basic derivatives
going above 4.5 pK;, units for base 35, while several bases deviated by 3 or more pK,
units from the experimental value. Since all these three methods use the geometries and
GBs calculated at the same level of theory, the quality of the correlation differences could
only be attributed to the solvation model. We could note that the usage of the CPCM and
IPCM solvation model decreased | A(pK,(35H")! to 2.0 and 0.7, respectively, which was a
significant improvement over the SMD1/ /M6 result. We also performed pK, calculations
using several other computational schemes, and the results are given in Table S7 in the
Supplementary Materials.

Interestingly, model SMD2/ /M3 provided very good estimates of pK, with a relatively
high R? value and an MUE below 1.0 pK, units. Bases 8, 10, and 14 deviated from the
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50.0 4

40.0 -

50.0 4

40.0 A

trendline by more than 3 units, which was presumably due to the gas-phase calculations. In
this case, the MP2 single-point calculation did not improve the correlation. A comparison of
IPCM/ /M5 and IPCM/ /M6 results revealed a minor but negative effect of the M06-2X/cc-
pVDZ optimized geometries on the correlation quality. It is worth mentioning here that
the relative trend of the pK, values of diphosphines 29-31 was only correctly interpreted
using IPCM//M5. Among the other methods, SMD2/ /M3 provided very good estimates
of pK,, but their relative trend was incorrect. All three methods based on M6 geometries
underestimated pK;(31H") and positioned it below 30 on the basicity scale.

The selected computational models were additionally tested against the set of ni-
trogen bases (Figure 2). The resulting trendlines were almost parallel to those obtained
for phosphines. For the nitrogen bases, IPCM/ /M6 performed significantly better than
CPCM/ /M6, giving an R? value of 0.992, while the MUE and RMS amounted to 0.5 and
0.7, respectively. The results indicated a significant improvement over the IPCM/ /M1
approach recommended earlier [45]. The corresponding values for the CPCM/ /M6 were
R? = 0.977, MUE = 0.8, and RMS = 1.1, which made it less general than IPCM/ /M6. The
SMD1/ /M6 approach provided results between the other two M6-based models, with the
slope being the most similar to that obtained for phosphorus bases among all employed
computational models. Again, SMD2//M3 was very good but not the best model, with
quite a large difference in the slopes of the linear fits.

50.0 4

(a) (b)
40 o y =0.690x - 173.192
y =0.601x - 146.849 : R?=0.994
R?=0.992
300
T
0.637x - 158.776 ) y =0.665x - 169.627
e T 200 1 R? = 0.979
R?=0.993 = '
x
(=8
P-bases 10.0 P-bases
N-bases N-bases
— — : : : : : : S 0.0 4 : : : : : : S
O 2550 2650 2750 2850 2950 3050 3150  325.0 250.0 2600 2700  280.0 290.0 300.0 310.0 320.0
-10.0
AG', (BH*) / kcal mol? AG', . (BH*) / kcal mol?
(C) 50.0 4 (d)
y =0.698x - 178.437 400 1 ' O.;f{x0—9;35.499
R?=0.980 e
300 A
*:.E -
y =0.726x - 187.595 S y= 0-6218X - 157.461
R?=0.977 3 R*=10.986
<&
o
P-bases 1004 P-bases
N-bases N-bases
— - - : : : 0.0 - : - - - - s
0.0 260.0 270.0 280.0 2900  300.0 310.0 320.0 250.0 260.0 270.0 280.0 290.0 300.0 310.0 320.0
-10.0 -
AG', (BH*) / kcal mol AG', ;)(BH*) / kcal mol*

Figure 2. Correlation of experimental pK, against AG’, s, for N and P bases calculated at the
(a) IPCM/ /M6, (b) CPCM/ /M6, (c) SMD1/ /M6, and (d) SMD2/ /M3 levels of theory.

After establishing the best model for nitrogen and phosphorus bases, we tested it
against a set of phosphorus ylides (Scheme 3) whose A“NpK, values were published by
Leito and coworkers [39,68]. Most of these bases were measured in THEF, and their pK,
values in acetonitrile were estimated by linear regression. The calculated GBs, solvation
energies, and A“NpKjs are given in the Supplementary Materials (Tables S8 and S9). The
correlation between the computed and experimental values is given in Figure 3.
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Ho _H Abbrevations:

Y1 Ry=R,=Ry=Ph
Y2 R;=R;=Ph;R3=TMP
Y3 R;=Ph;R,=R;=TMP | | |

Y4 R;=R;=R;=mDMP MeO OMe Me Me %
Y5 R;=R,=R;=3MP JL
Y6 R;=R,=Ry=4MP MeN~ “NMe,

Y7 Ry{=R;=R3=Mes

OMe OMe Me
Y8 R, =R, = Ph; Ry = Naph
Y9 R;=R,=Cy;R3=Ph amp T™P Mes Naph ™G
RinH Rasg-Me Ph. _H
Y I
R—P—R, Ri—P—R, B .NMe
| —P
R R M e
Y10 Rs=Me Ry =R, =Ry =Ph Y23 Ry=Me Ry=Rp=Ry=Ph N
Y11 R,=Me Ry=Cy; Ry =Ry = Ph Y24 Rs;=Me R;=R;=Ph;R3=TMP Y30
Y12 R,=Me Ry =R, = Cy; R = Ph Y25 R;=Me R;=R,=Ry=4MP
Y13 Ry=Ph Ry =Ry = Ry = NMe, Y26 Ry=Me  Rq=R;=R;=mDMP
Y14 Ry=Ph Ry = TMG; R, = Rs = NMe, Y27 Ry=Me  R;=R;=R;=NMe, NMe, NMe,
Y15 R4=Ph Ry =R, =Ry =Pyr Y28 R;=Ph Ry =Ry =Rz =oDMP MezN\rL p—NMe,
~
Y16 R;=Ph Ry = TMG; R, = Rg = Pyr Y29 Ry=Ph  R;=Rp=R;=TMP MeoN™ S ~ NMe,
Y17 R4=OMe  R;=Cy;Ry=Ry=Ph
Y18 R4=OMe  R;=R,=Ry=4MP OO
Y19 R4=tBu Ri=R,=R3=Ph
Y20 R;=p-NO,Ph R;=R,=R;=TMP Y31

Y21 R4=p-NOPh R;=R,=R;=NMe,
Y22 R4=p-NOPh R;=R;=Rg=Pyr

Scheme 3. Structures of ylides Y1-Y31 (carbon bases) with known pKj in acetonitrile.
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Figure 3. Correlation of experimental pK, against the reduced Gibbs energy of dissociation
(AG’,501(BH)) obtained using the IPCM/ /M6 computational approach with off-liners excluded.
MUE = 0.5, RMS = 0.6. Adding outliers to the correlation dropped R? t0 0.825, with MUE = 1.0 and
RMS =1.7.

Besides five significant outliers, the calculated AG’, 4,1 values correlated well against
experimental A“NpK,s. The correlation coefficient (R?) of 0.982 was slightly lower than
those for P and N bases but could still be used with good confidence, as evidenced by the
MUE of 0.5 and the RMS of 0.6. The relatively large slope was somewhat surprising, consid-
ering that we used IPCM as the solvation model. The slope deviation from the ideal value
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appeared to follow the hardness of the bases, being the largest for the nitrogen bases and
lowest for the phosphorus ylides (C bases). The employed model did not give satisfactory
results for the systems bearing three 2,6-disubstituted phenyl rings attached to the phos-
phorus (bases Y6, Y28, and ¥29) and the bases containing phenyl and methyl substituents
directly attached to the deprotonation center (Y28 and Y29). Somewhat surprising was a
relatively large deviation of base Y27—structurally very similar to phosphazenes as well as
trismesityl derivative Y6. The origin of these discrepancies is currently under investigation.

4. Estimation of AGgy (H*)

Before discussing the estimation of G4, (H"), we need to make a clear semantic dis-
tinction between the literature value and the one obtained from the set of pKj, calculations.
Hereafter, we term them Gy;(H") and G ca1c(H"), respectively.

As already mentioned, the linear correlation approach used in this work (Supple-
mentary Materials, Equation (S11)) should allow Gggj ca1c(H") to be estimated from the
intercept. To test the validity of this idea and the influence of systematic errors, we calcu-
lated Ggoj calc(H") for each employed method irrespective of its R?. All methods provided
sufficiently good correlation coefficients (R? > 0.95) to justify such a decision. Due to the
systematic deviation from the ideal slope present in all correlations, Equation (3) was
rewritten in the following form.

2.303RT x pK,(BH") = m X AG'y o (BH") + 1 @)

where m and 7 are the coefficients obtained from the correlation parameters and the inter-
cept n includes G4, (H") (Equation (4)). Here, we should emphasize that our parameters m
and n correspond to the k and Cy coefficients used in AKB scheme (Equation (4) in Ref. [52]).

The calculated m and n values, along with the calculated Gibbs energy of the proton
in acetonitrile (Ggo} calc(H")) are presented in Table 3.

Table 3. Parameters m and n derived from the correlations used to estimate Ggoj calc (HY) 2.

Method m n n’ Gsol,calc(H+) b A(Gsol,calc (H*))
Lit. data —2573°¢ 0.0
N_Bases IPCM/ /M1 0.744 —182.153 0.708 —244.7 125
CPCM/ /M1 0.827 —211.419 0.822 —255.8 15
SMD1//M1 0.860 —220.408 0.857 —256.4 0.9
IPCM/ /M6 0.820 —200.367 0.779 —2444 12.9
CPCM/ /M6 0.908 —231.446 0.900 —255.0 2.3
SMD1/ /M6 0.952 —243.467 0.946 —255.7 1.5
SMD2//M3 0.844 —214.846 0.835 —254.7 2.6
SMD2/ /M5 0.926 —236.972 0.921 —255.8 15
P_Bases IPCM/ /M1 0.937 —238.865 0.929 —254.8 24
CPCM/ /M1 1.029 —264.296 1.027 —256.9 0.4
SMD1//M1 1.105 —292.404 1.137 —264.6 7.3
IPCM/ /M6 0.869 —216.304 0.841 —248.9 8.4
CPCM/ /M6 0.941 —235.924 0917 —250.6 6.7
SMD1//Mé 0.991 —255.585 0.993 —258.0 0.8
SMD2/ /M3 1.025 —266.374 1.035 —260.0 2.7
SMD2/ /M5 0.946 —244.794 0.952 —258.9 1.6
IPCM/ /M5 0.850 —211.562 0.822 —248.9 8.4
SMD2/ /M2 1.109 —296.051 1.151 —266.9 9.6
C_Bases IPCM/ /M6 0.962 —243.305 0.946 —252.9 4.3

2 Coefficients m and n are given in mol kcal™!, and Gsolcalc (H) is given in kcal mol~1 (1 keal = 4.184 Kk]).

b Gsol,calc(H*) = n/m. © The literature value for Gy;;(H*) was obtained using Equation (6).
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To estimate whether the same scaling factor could be used for the slope and intercept,
we calculated the value of n” (Equation (5)) and compared it to m.

n’ =n/Gy(H") %)
The literature value of Gj;;(H*) = —257.3 kcal mol~! was obtained using Equation (6).
Giit(H") = G®gas(H") + AG"s(H") + G°7*(H") (6)

where G°gas(H") = —6.28 kcal mol !, the literature value for AG°s(H") is —252.9 [49] and
the correction for the change in the standard state (G°7*(H™)) is 1.89 kcal mol 1.

Calculated parameters m and n” showed mutual linear dependence (Figure 4a). As-
suming m = n’, we obtained Ggj calc(H") ranging from —244 to —267 kcal mol ! (Table 3),
which corresponded to the results obtained using the AKB scheme [52,53]. One could
notice that the linearity was kept even across the three different types of bases. The linear
function with a non-zero intercept indicated that the intercept most likely contained two
parts; one of them was not related to the Gibbs energy of the proton and should not be
scaled with the same scaling factor. This issue was eliminated by modifying the second
linear plot, as shown in Figure 4b.

12 4 m / mol kcal?!

-150.0

y=1.178x—0.172 § T '
1.1 2 of7 0.8 0.9 10 1.1 1.2
R? =0.990 -170.0 4 '
1
< 10 4 -190.0 1 '
(]
£ - !
— < 1
S 09 ® N_Bases [ -2100 ! ® N_Bases
£ = 1
~ P_Bases B -230.0 A ' P_Bases
= 08 £ i
C_Bases ? -250.0 4 : C_Bases
07 -270.0 - T
y =—302.971x+44.163
06 T T T T ) -290.0 R? = 0.990
0.7 0.8 09 1.0 11 1.2 3100 J
m / mol kcal?!
(a) (b)

Figure 4. Linear dependence of parameters (a) n” against m and (b) n against m. (for the meaning of m,
n, and n’, see Equations (4) and (5)). The arrow shows the interpolated point from which G5 opt(H")
was calculated.

To avoid the usage of any reference point (any published Gy;;(H") in this case), we cor-
related the intercept n against m (Figure 4b), and the value of Gy} cac(H*) was determined
for m = 1 (the hypothetical, optimal result without systematic errors, Gosollopt(HJr)), which
amounted to —258.8 kcal mol~!. Our estimate for the Gibbs solvation energy of the proton
in acetonitrile (AG°s(H*)) of —254.4 kcal mol~! was then calculated using Equation (6).
The value fell in between those obtained by Carvalho and Pliego [69] and Rossini and
Knapp [70]. The result was also very close to the standard Gibbs energy of solvation of a
proton published by Fawcett [71]. We would like to emphasize here that the estimate was
independent of the type of bases, whereas the selection of the computational model had a
minor effect. The results showed that a very good estimate of AG4,(H*) could be derived
from experimental pK, despite the systematic errors present in the continuum solvation
model approaches.

5. Computational Details

All calculations were performed using the Gaussian09 program package [72]. The
geometry optimizations and the single-point energy refinements were carried out using
either B3LYP [73-76], M06-2X [77] density functionals, B2-PYLP [78] hybrid functional with
perturbative correction or MP2 [79,80] calculations as defined in a list of the models. The
minima on the Born-Oppenheimer potential energy surface were verified using a vibra-
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tional analysis. The solvation-energy contributions were calculated using the IPCM [81],
SMD [82] or CPCM [83,84] continuum solvation model assuming the dielectric constant
(¢) of acetonitrile to be either a default implemented value (35.688 for CPCM and SMD)
or 36.64 (IPCM). Additionally, the non-standard parameters for IPCM calculations were
used for the sake of consistency with our previous results on nitrogen bases, as well as
to ensure good convergence [45]. The isodensity parameter of the molecular cavities in
solution embracing the solute molecule was 4 x 10~%, and the angular integration weights
over polar coordinates § and ¢ were set to 100 and 20, respectively. The geometries of the
optimized structures were visualized using MOLDENS.9 [85,86].
List of models:

M1 = B3LYP/6-311+G(2df,p)/ /B3LYP/6-31G(d),

M2 = B3LYP(GD3)/6-311+G(2df,p)/ /B3LYP(GD3)/6-31+G(d),
M3 = M06-2X/aug-cc-pvtz/ /M06-2X/cc- pVDZ

M4 = M06-2X(GD3)/6-311++G(3df,2pd)/ /M06-2X /cc- pVDZ,
M5 = MP2(fc)/6-311+G(2df,p)/ /M06-2X/ cc-pVDZ.

M6 = MP2(fc)/6-311+G(2df,p)/ /B3LYP/6-31G(d).

M7 = B2PLYP/6-311+G(2df,p)/ /B3LYP/6-31G(d)

IPCM = IPCM(ACN)/B3LYP/6-311+G(d,p)

CPCM = CPCM(ACN)/B3LYP/6-31G(d)

SMD1 = SMD(ACN)/MO06-2X/6-31G(d)

SMD2 = SMD(ACN)/MO06-2X/6-31+G(d,p)

6. Conclusions

Based on all examined correlations, IPCM/ /M6 and CPCM/ /M6 represented power-
ful approaches for the prediction of pKj, in acetonitrile regardless of the type of bases, and
the recommended equations for the IPCM/ /M6 model are as shown below.

N-Bases: pKa(BH") = 0.601 x AG’, so(BH") — 146.8

P-Bases: pKa(BH") = 0.636 x AG’, soi(BH") — 158.5
C-Bases: pKa(BH™) = 0.705 x AG’,¢o(BH") — 178.3

The SMD solvation model gave the smallest systematic deviation of the slope, which
indicated the best estimate of the changes in the solvation energies. However, the scat-
tering of the correlated data was more pronounced than for the other two approaches,
and as such it was less reliable. Due to significant data scattering, we do not recom-
mend using B3LYP calculations for either phosphines or ylides. M06-2X could be used in
combination with correlation-consistent basis sets for phosphines, although a larger error
could be expected for highly crowded systems such as tricyclohexylphosphine (8) and
tris(-butyl)phosphine (14).

Further, we showed that the approach for estimating the Gibbs energy of solvation of
a proton could be applied as long as the reliable pK, values were measured. The approach
compensated for the systematic errors inherently present in CSM calculations and provided
values in a very good agreement with the literature ones. Malloum et al. were absolutely
right in their statement: “... the accurate computation of the pK, of organic compounds
in a given solvent is directly dependent on the accurate determination of the solvation
free energy of the proton in that solvent.” [51]. However, the accurate determination of
solvation-free energies is not a simple task. Expectedly, we obtained different systematic
errors of the same method for the different classes of compounds. Within our approach,
self-corrections of the systematic errors allowed us to obtain a very good estimate of the
solvation-free energy of the proton in acetonitrile. The plots given in Figure 4 indicate that
the approach was applicable regardless of whether we considered one or more classes of
the organic bases and regardless of the employed computational models.
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