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Abstract: The ion-pair acidities of organic acids in THF are fundamental to synthetic organic chemistry.
Although the ion-pair acidities of a number of carbon acids have been experimentally measured by
Streitwieser and co-workers, it is important to develop a theoretical method that can accurately predict
these quantities because not all the organic acids (e.g., very weak acids or complex synthetic intermediates
with multiple acidic positions) are amenable to experimental characterization. In the present study is reported
the first theoretical protocol for predicting the cesium ion-pair acidities in THF whose reliability has been
tested against almost all the available experimental data. It is found that the root-mean-square error of the
current theoretical model equals 1.2 pK units. With the newly developed theoretical method in hand, the
structures of cesium ion pairs of different types of carbon acids are then studied. The cesium ion-pair
acidities in THF and absolute ionic acidities in DMSO are also systematically compared, which confirms
Streitwieser’s previous finding that the two scales of acidities have only minor difference. Significantly,
from detailed energy analysis the mechanism for the “fortunate” match of the two scales of acidities is
found. That is, the combined process of the Cs binding (“micro™-solvation) and the solvation of the ion pair
resembles the one-step solvation of a carbanion in DMSO. Finally, it is found that the cesium ion-pair
acidities of nitrogen acids in THF have only minor difference from the absolute ionic acidities in DMSO.
Consequently, one can easily estimate the cesium ion-pair acidities of almost all types of organic nitrogen
acids in THF on the basis of Bordwell's data.

1. Introduction synthetic chemists because of the widespread use of THF as a

The use of carbanion intermediates for the formation of Solventin carbanion reactios. _ _
carbor-carbon bonds is an important method in synthetic Noteworthily, THF has a relatively low dielectric constant,
organic chemistry. These carbanions are usually generated and therefore, the carbanion intermediate must exist as an ion

through the abstraction of a proton from weak carbon acids by pairin THF. To address this ion-pair pmt?',e"," St.reitwie.ser gpd
appropriate bases. For the deprotonation to proceed successfullyc0"Workers proposed to measure the equilibrium ion-pair acidity
a fundamental requirement is that the thermodynamic acidity where the relatlye aC|d|t|e_s o_f carbon acid pairs were evaluated
of the carbon acid should be higher than the acidity of the by spectr_oscop|c determination of the equilibrium constant for
base-H bond. Thus, in order to facilitate the synthetic studies e reaction 1
involving the use of carbanions, there is a need to know the
equilibrium acidities of the €H bonds in various types of weak
carbon acids in the organic solvents. Eventually the relative carbon acidities were placed on an
Thanks to the systematic studies by a number of eminent absolute basis by assigning K fo fluorene of 22.9. With the
researchers over the past few decades, we currently have severalse of this approach a scale of hydrocarbon acidities in THF
quantitative equilibrium acidity scales available for weak carbon has been successfully developed which spanned a range of about
acids. One of the scales was mainly developed by Bordwell 40 pK units.
and co-workers for the acidities in DMSO, where it was believed  The validity of the above cesium ion-pair acidities was based
that the deprotonated carbanions should exist as monomericon the assumption that the cesium salts of carbanions should
anions due to the high ionizing power of DMSQAnother exist in the form of monomeric contact ion pairs at low
famous scale was developed by Streitwieser and co-workers forconcentrations. This assumption has been carefully examined
the acidities in THF, which is probably more useful for the by Streitwieser and co-workers through their elegant studies on

XH +Y Cs"—XCs"+ YH 1)

TTsinghua University. ) (2) (a) Bordwell, F. GAcc. Chem. Re<.988 21, 456. (b) Bordwell, F. G.;
* University of Science and Technology of China. Zhang, X. M.Acc. Chem. Re€.993 26, 510. (c) Note: although salts are
(1) Buncel, E.; Dust, J. MCarbanion Chemistry: Structures and Mechanisms mostly dissociated at normal concentrations in DMSO, Bordwell himself
American Chemistry Society: Washington, DC, 2001. found several examples where they are ion paired.
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ion-pair aggregations in THENonetheless, it must be pointed
out that up to now little detail has been obtained about the
structures and properties of such cesturarbon ion pairs by

direct experimental or theoretical approaches. Furthermore, there
have been few theoretical methods developed to quantitatively

interpret or predict the cesium ion-pair aciditfes.

In the present study we attempted to bridge the gap by
developing the first theoretical method to accurately calculate
the cesium ion-pair acidities of various carbon acids. This study
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was encouraged by our recent successes in developing ab initio

theoretical protocols to calculate the absolute ionic acidities of
various organic acids in DMSO and MeCNin comparison to

the previous work, an important challenge encountered in the
present study was the involvement of an inorganic cesium cation.

This cost us a considerable amount of modeling time through

trials and errors because very few theoretical studies had been

reported about organocesiums before this work.

2. Method Development

Because of the large size of the cesium atom, it is not feasible
to use any complete electron basis set to model organocesiums;

This forces us to examine the utilization of an effective core
potential (ECP) for cesiurfiwhich not only reduces the number
of electrons to be treated explicitly in the calculation, but also
accounts for the relativistic effects essential in treating the core
electrons of heavy elements. Noteworthily, Streitwieser and co-
workers recently reported the use of the H&yadt ECP and
the Ross ECP for cesiubin our own work, we decide to
examine the performances of the Hayadt ECP (in the form

of Lanl2dz ECP) and its augmented version, Lani2d? We

(3) (a) Streitwieser, A.; Ciula, J. C.; Krom, J. A,; Thiele, &.0rg. Chem.
1991 56, 1074-1076. (b) Stratakis, M.; Wang, P. G.; Streitwieser,JA.
Org. Chem.1996 61, 3145-3150. (c) Facchetti, A.; Streitwieser, A.
Org. Chem1999 64, 2281-2286. (d) Thiele, G.; Streitwieser, A. Am.
Chem. So0c.1994 116, 446-454. (e) Kaufman, M. J.; Gronert, S,
Streitwieser, AJ. Am. Chem. Sod.988 110, 2829-2835. (f) Kaufman,
M. J.; Streitwieser, AJ. Am. Chem. Socl987 109 6092-6097. (g)
Facchetti, A.; Kim, Y. J.; Streitwieser, A. Org. Chem200Q 65, 4195~
4197. (h) Abbotto, A.; Streitwieser, A.; Stratakis, M.; Krom, J.JAAmM.
Chem. Soc1998 120 1718-1723. (i) Krom, J. A.; Petty, J. T.; Streitwieser,
A. J. Am. Chem. S0d.993 115 8024-8030. (j) Streitwieser, A.; Krom,
J. A.; Kilway, K. V.; Abbotto, A.J. Am. Chem. S0d.998 120, 10801
10806. (k) Ciula, J. C.; Streitwieser, A. Org. Chem1991, 56, 1989
1993. (I) Ciula, J. C.; Streitwieser, A. Org. Chem1992 57, 431-432.
(m) Xie, L. F.; Bors, D. A.; Streitwieser, Al. Org. Chem1992 57, 4986~
4990. (n) Facchetti, A.; Streitwieser, 8. Org. Chem2004 69, 8345-
8355. (0) Gareyev, R.; Streitwieser, A. Org. Chem1996 61, 1742—
1747. (p) Wang, D. Z.; Streitwieser, A. Org. Chem2003 68, 8936—
8942, (q) Wang, D. Z.; Streitwieser, Aan. J. Chem1999 77, 654—
658. (r) Streitwieser, A.; Wang, G. P.; Bors, D. Betrahedron1997, 53,
10103-10112. (s) Gareyev, R.; Ciula, J. C.; Streitwieser,]JAOrg. Chem.
1996 61, 4589-4593. (t) Wang, D. Z.; Kim, Y. J.; Streitwieser, 8. Am.
Chem. Soc200Q 122, 10754-10760. (u) Streitwieser, A.; Schriver, G.
W. Heteroat. Chem1997, 8, 533-537. (v) Kilway, K. V.; Streitwieser,
A. J. Org. Chem1999 64, 5315-5317. (w) Streitwieser, A.; Wang, D
Z.; Stratakis, M.J. Org. Chem1999 64, 4860-4864. (x) Streitwieser,
A.; Xie, L. F.; Wang, P.; Bachrach, S. M]; Org. Chem1993 58, 1778~
1784. (y) Stratakis, M.; Streitwieser, A. Org. Chem1993 58, 1989-
1990. (z) Krom, J. A.; Streitwieser, Al. Org. Chem.1996 61, 6354~
6359.

(4) For an excellent review, see: Streitwieser,JA.Mol. Model.2006 12,

(5) During the preparation of the present manuscript, Streitwieser and co-
workers published their progress towards the theoretical calculation of
cesium ion-pair acidities. See: Streitwieser, A.; Liang, J. C.-Y.; Jayasree,
E. G.; Hasanayn, Rl. Chem. Theory Compu2007, 3, 127.

(6) (a) Fu, Y.; Liu, L.; Li, R.-Q.; Liu, R.; Guo, Q.-XJ. Am. Chem. So€004

126, 814. (b) Fu, Y.; Liu, L.; Yu, H.-Z.; Wang, Y.-M.; Guo, Q.-XI. Am.
Chem. Soc2005 127, 7227. (c) Fu, Y.; Liu, L.; Wang, Y.-M.; Li, J.-N;
Yu, T.-Q.; Guo, Q.-X.J. Phys. Chem. 2006 110, 5874. (d) Li, J.-N.;
Liu, L.; Fu, Y.; Guo, Q.-X.Tetrahedror2006 62, 4453. (e) Li, J.-N.; Fu,
Y.; Liu, L.; Guo, Q.-X. Tetrahedror2006 62, 11801. (f) Shen, K.; Fu, Y.;
Li, J.-N.; Liu, L.; Guo, Q.-X.Tetrahedron2007, 63, 1568.

(7) Streitwieser, A.; Abu-Hasanyan, F.; Neuhaus, A.; Browrd. Org. Chem.
1996 61, 3151.
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Figure 1. Twelve representative carbons acids tested for the method

development.

also decide to examine the more recent Stuttg@resden SDD
ECP, which was previously claimed to be slightly superior to
Lanl2dz1° Furthermore, we employ the commonly used basis
sets such as 6-31G* and 6-3&G(2df,2p) to describe the C,
N, O, and S atoms.

As to the selection of computational methods, we focus on
the density functional theory (DFT) methods. One reason for
this particular choice is that the DFT methods include electron
correlation per definition. Furthermore, because we hope to
develop a theoretical protocol that can handle organic acids con-
taining 106-20 non-hydrogen atoms, it appears obligatory to use
the DFT methods which can dramatically decrease the CPU
time versus ab initio methods of similar accuracy. As to the
density functionals, we decide to compare the commonly used
B3LYP, B3P86, B3PW91, and PBEPBE function&i&inally,
on the basis of our previous studies we decide to use the IEF
PCM (integral equation formalism of polarizable continuum
model) method to calculate the solvation energies, where the
performances of two types of atomic radii (i.e., united atom
topological model, UAO radii and Bondi radii) are compared
for the construction of a solvent-inaccessible cavity in which
the solute molecule residés.

Having selected a number of theoretical methods, we next
need to derive the equations to calculate the cesium ion-pair
acidities. To this end we consider the following proton-exchange
reaction between the cesium salt of fluorene (CsFl) and an
organic acid (AH),

AH + CsFI— CsA+ HFI (2)

If the free energy change of the above reaction in the THF
solution is defined ag\Gexchange the cesium ion-pair acidity
(pK) of the acid can be readily calculated by eq 3.

AGexchange

PK(AH) 2.30RT

=229+ 3)

(8) (a) Cundari, T. R.; Benson, M. T.; Lutz, M. L.; Sommerer, S.R&v.
Comput. Cheml996 8, 145. (b) Seijo, L.; Barandiaran, Zomput. Chem.
1999 4, 55.

(9) Hay, P. J.; Wadt, W. RJ. Chem. Phys1985 82, 299.

(10) Szentpaly, L. V.; Fuentealba, P.; Preuss, H.; StollCHem. Phys. Lett.
1982 93, 555.

(11) Frisch, M. J.; et alGaussian O3revision C.02; Gaussian, Inc.: Wallingford,
CT, 2004.
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Table 1. Performances of Different Methods for the 12 Representative Carbons Acids

basis set for basis set for solvation rms maximum
entry DFT geometry optimization energy calculation model error error
1 B3LYP Lanl2dz Lanl2dz-p/6-311G** IEFPCM/UAO 1.0 2.2
2 B3LYP Lanl2dz Lanl2dz-p/6-311G** IEFPCM/Bondi 1.2 2.7
3 B3LYP Lanl2dz-p/6-31G* Lanl2dz-p/6-31H-G(2df,2p) IEFPCM/UAO 1.2 1.9
4 B3LYP Lanl2dz+-p/6-31G* Lanl2dz-p/6-31H-G(2df,2p) IEFPCM/Bondi 1.2 2.4
5 B3LYP SDD/6-31G* SDD/6-311G(2df,2p) IEFPCM/UAO 1.2 1.6
6 B3LYP SDD/6-31G* SDD/6-311G(2df,2p) IEFPCM/Bondi 1.2 1.8
7 B3P86 Lanl2d#p/6-31G* Lanl2dz-p/6-31H-G(2df,2p) IEFPCM/UAO 0.9 1.6
8 B3P86 Lanl2d#p/6-31G* Lanl2dz-p/6-31H-G(2df,2p) IEFPCM/Bondi 0.9 1.7
9 B3P86 SDD/6-31G* SDD/6-31G(2df,2p) IEFPCM/UAO 1.0 1.6
10 B3P86 SDD/6-31G* SDD/6-3HG(2df,2p) IEFPCM/Bondi 1.1 1.8
11 B3PW91 Lanl2dztp/6-31G* Lanl2dz+p/6-3114+G(2df,2p) IEFPCM/UAO 0.8 1.3
12 B3PW91 Lanl2dzp/6-31G* Lanl2dz-p/6-31H-G(2df,2p) |IEFPCM/Bondi 1.0 1.9
13 B3PW91 SDD/6-31G* SDD/6-3HG(2df,2p) IEFPCM/UAQ 0.9 1.4
14 B3PW91 SDD/6-31G* SDD/6-3HG(2df,2p) IEFPCM/Bondi 1.0 1.8
15 PBEPBE Lanl2dzp/6-31G* Lanl2dz-p/6-31H-G(2df,2p) IEFPCM/UAO 1.3 2.4
16 PBEPBE Lanl2dzp/6-31G* Lanl2dz-p/6-31H-G(2df,2p) IEFPCM/Bondi 1.6 2.9
17 PBEPBE SDD/6-31G* SDD/6-3#1G(2df,2p) IEFPCM/UAO 1.3 2.4
18 PBEPBE SDD/6-31G* SDD/6-3#1G(2df,2p) IEFPCM/Bondi 1.6 2.9

Using eq 3 and 12 representative carbon acids (Figure 1), wethan the experimental error&Q.2 to~0.5 K units), the current
then systematically test the performances of all the possible theoretical method may be very helpful in the study of chemical
combinations of theoretical methods aforementioned. The resultsspecies (e.g., reaction intermediates and weak acids) that are
of these tests are shown in Table 1. not readily amenable to experimental characterization. Note-
From the results in Table 1 we find that the performances of worthily, some very weak ¢ ~ 40) and very strong ¢ ~
the B3LYP, B3P86, and B3PW91 methods are close to each10) acids appear not to correlate well in Figure 2. As to the
other, whereas the PBEPBE method provides noticeably worseweak acids there may exist the aggregation problem, whereas
results. Increasing the flexibility of the basis set does not for the strong acids the hydrogen-bonding interaction between
significantly improve the rms (root of mean square) errors, but the acid and the solvent may be too strong to be accurately
it definitely reduces the maximum errors. For most of the handled by the continuum solvation model.
methods the SDD ECP provides similar results as compared to
the Lanl2dz ECP. Finally, use of the UAO radii tends to provide 4. Discussion
better results than the use of Bondi radii. On the basis of these
findings, we conclude that the optimal method should be a com- litt
bination of B3PW91/Lanl2dz/6-31G* for geometry optimization,
B3PW91/Lanl2dz p/6-31HG(2df,2p) for energy calculation,
and IEF/PCM/UAO for solvation energy calculation. The rms
error for this method is 0.8k unit for the 12 carbon acids,
and the corresponding maximum error is only 1K3ymits.

4.1. Structures of OrganocesiumsAs mentioned above,
le has been known in the past about the structures of
organocesiums. To make the situation worse, most existing
crystal structures of cesium compounds often show extended
networks not suitable for modeling with computations of isolated
single molecules. Therefore, we have to create and then optimize
the structure of each cesium ion pair from scratch, where all
3. An Extensive Theoretical Scale of Cesium lon-Pair the possible conformers need to be calculated and compared.
Acidities Fortunately it is found that different density functionals and basis
sets always provide very similar optimized structures. The good

. . agreement between different methods gives us confidence about
carbon acids, we next examine whether the same method cal

be applied to all the other carbon acids that have beenr{he m°de"”9 results. .
experimentally studied. To this end we have systematically ~4-1.1. Cesiumz Systems.For the cesium salts of cyclopen-
calculated the cesium ion-pair acidities for 65 structurally tadiene derivatives (e.g., fluorene) or carbon acids carrying a
unrelated carbon acids, using the same theoretical protocol ag'€ighboring phenyl group (e.g., triphenylmethane), the optimal
described in the previous section. structure can bg desc_rlbe_d as a catiancomplex. In the
Our calculation results are listed in Table 2. It is found that COMPIex the cesium cation is seated abovertiptane by about
the newly developed theoretical protocol can successfully predict3 A whereas ther plane is curved slightly toward the cesium
the cesium ion-pair acidities for all the 65 carbon acids whose cation (Figure 3a).
pK values range from about 10 to 45 (Figure 2). The correlation ~ 4.1.2.0-Carbanion Systems For the cesium salts of arenes
coefficient between the experimental and theoretitavplues ~ (€.9., 1,2,4,5-tetrafluorobenzene) and 1,3-dithianes, the negative
is as high as 0.9854, and the rms error is only Kaipits. On charge is centered at a single carbon atom leading to a
the basis of these data, we conclude that the theoretical method’-carbanion structure (Figure 3b). However, due to the possible
developed here can be used to predict the cesium ion-pair aciditychelation effect the cesium cation tends to be tilted to the
of structurally unrelated weak carbon acids with an error bar of neighboring heteroatoms.
1.2 K units. Although such a magnitude of error bar is larger ~ 4.1.3. EnolatesFor the cesium salts of carbonyl compounds,
the cesium cation is located closer to the carbonyl oxygen as
(12) (&) Cramer, C. J.; Truhlar, %eﬁféég%ns;p;{'eclh?é;n?gagéil'J(t-))lwirﬁr%%réi compared to the:-carbon consistent with the classical enolate
B.; Cammi, R.Chem. Re. 2005 105 2999. o " structure (Figure 3c). In the cases where the enolate carries a

13512 J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007
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Table 2. Cesium lon-Pair Acidities in THF vs Absolute lonic Acidities in DMSO

Cesium ion-pair acidity Absolute ionic acidity Cesium affinit
Entry Structure in THF in DMSO (kcal/mol) y
Exp® Theor Exp® Theor
o O
1 M 11.0 9.2 53 -96.2
H
e H SO,Ph
2 11.8 12.8 115 10.6 -80.3
Ph H
3 127 12.5 1.6 -79.4
Ph
Ph,
4 Q.Q 15.6 17.3 15.0 -77.6
?n
Ph Ph -
5 \H’\f/ 16.6 18.6 18.1 83.4
Ph Ph
o
6 on )LCHPhZ 17.6 20.6 18.8 17.4 -80.7
Ph
7 H 17.7 19.0 17.0 -76.9
a0
2 H
8 mr’" 17.8 17.6 15.4 -84.1
Ph PhH
9 Q.OQ 17.9 19.4 17.4 779
Phy
10 Q.Q 182 19.3 17.9 18.0 -79.4
PhH
11 Q.OQ 18.9 203 18.5 -76.2
NMe,
12 H 19.2 20.8 18.7 81.1
0,
13 Ph@i@ 19.3 20.7 18.7 -84.2
H
14 Q.Q 19.5 20.2 19.1 81.1
(o]
H
15 éﬁ’" 19.8 214 20.1 -87.5
H
16 Q.OO 20.1 20.4 19.3 -80.7
Ph
H
17 213 222 21.4 823
g0
H_SiMes
18 Q.Q 21.6 22.8 215 228 -80.8
H
19 Q'O 22.1 232 2238 -81.8
H
20 Q'O 23 226 23 226 -82.9
H
21 Q.O 229 229 22,9 22.9 -83.5
H
22 < 22,9 23.4 227 827
o
(o]
Ph. z
23 AP 23.0 24.1 23.4 -84.0
g \Hr . . .
H,
24° 23.7 247 23.8 -88.7

°©
N
@
»
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Table 2 (Continued)

Cesium ion-pair acidity Absolute ionic acidity
Entry Structure in THF in DMSO
Exp® Theor Exp® Theor
o]

\it©\ 23.4 253 21.7 -86.3
Ph

H

26 23.6 239 23.0 -79.4
.
"t
o

Cesium affinity
(kcal/mol)

T

25

27° 24.1 252 24.4 -93.7
H CMe;

28 Q.O 24.4 25.1 25.2 -81.9

o

29 Ph)J\CHg 24.5 24.0 229 -89.7

o
c
30 Ph)J\CHMez 24.7 26.0 26.3 25.7 -87.0

o
31 =N 24.9 257 24.1 -84.7
H
o)
Ph: -
2 L e, 25.1 250 225 86.6
(o}
33 Ph‘@(“\«a, 25.3 26.7 24.6 -84.0
H

(]
34 P 25.5 26.0 26.9 -87.5
PhHC” “NMe,
35 O O 25.6 229 21.9 -72.0
H
[e]
36 PhHC NEL 26.1 27.1 28.6 -87.2
H.
37 N 26.8 253 23.0 -75.2
Ph>_)_
38 PhSO,CH; 27.3 29.0 29.5 28.0 91.4
39 27.8 28.4 28.0 -78.4
Ph
40 27.8 27.2 25.5 -75.9
H
N,oc:H3
41 Ph\)l\(Ph 28.0 27.0 26.6 -83.8

02 CCO 28.1 285 28.6 -80.8

H F
43 f\j 28.4 29.0 27.9 -84.1
F

F
44 O : O 28.7 29.8 28.1 -76.1

PH H
45 NCCH,Si(CHs); 28.8 26.0 26.0 -84.7
46 CH;3SO,CH,-H 28.8 29.8 30.5 -96.0

S H
47 <:S>L©—Ph 29.1 30.8 29 29.2 -75.2
F

48 H)@[F 29.9 30.9 29.6 -84.7
F F
Ph
49 )< 30.1 31.8 29.2 727
o

S H
50 <is>LPh 30.5 31.8 30.7 31.2 -79.6
51 Ph;CH 313 32.5 31.1 -76.2

Ph
52 Ph—©—<H 31.7 30.6 29.5 =771

53 "(>[: 322 35.9 353 -84.8

¢
54 (p-MePh);CH 33.1 34.6 32.7 -71.4

13514 J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007
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Table 2 (Continued)

Cesium ion-pair acidity Absolute ionic acidity

Entry Structure in THF in DMSO Cc(s;l;r]l/;infgglty
Exp? Theor Exp® Theor
F. F
55 f;[H 33.1 337 315 -87.6
F
56 Ph,CH, 333 322 325 -82.1
57 (0-MePh),CH, 342 357 359 -80.4
58 PhCH,SCH, 347 34.4 35.0 -81.8
59 (o,p-biMePh),CH, 36.0 36.1 34.0 -81.7
S,
60 <:S>—H 36.5 373 393 4.0 -97.7
61 PhCH,Si(CHy)s 375 377 38.8 -83.0
Phs -
62 _©_\H 37.7 38.8 37.4 79.7
8,
63 = 382 416 4438 -95.5
64 ), 38.7 39.2 39.4 -81.2
65 PhCH, 412 41.0 4.5 42.8 -88.8

aExperimental data collected from ref 3. They are converted to acidities per hydfogeperimental data collected from ref 2. They are converted to
acidities per hydrogerf.These Cs enolates are known to be aggregated in THF solution, and Kieivary with concentration.

Cesium ion-pair acidity in THF « 1
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—~ 304 i
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S
20 i ° °
&
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a7 ¥ ¥ .
5 45 5
pK (theor) .
) . ) . ) 1,2.4,5-tetrafluorobenzene 1,3-dithiane
Figure 2. Correlation between the experimental and theoretical cesium
ion-pair acidities. (b) G-Carbanion systems
neighboring phenyl group, the cesium cation is also tilted to A
the zz electrons of the aromatic ring. e °
. . . . . | A -+
Noteworthlly, cesium ion pairs of ketone_s may exist as . ° ‘_/,,f' ,[_,
aggregates in solution rather than monondéf8, but we only T P "':I f )
. . . . e )
consider the monomer ion pairs in the present study. The cal- e ’
culated [K’s for ketones are found to agree with the experimen- :
tal values, either fortuitously, or because the aggregates have Top-view Side-view

pK’s close to the monomeric ion pairs.

4.2. Cesium lon-Pair Acidities in THF versus Absolute
lonic Acidities in DMSO. Streitwieser et al. previously reported ~ Figure 3. Three-dimensional structures for representative cesium ion pairs.
that a comparison between cesium relative ion-pair acidities in
THF and absolute ionic acidities measured in DMSO revealed \ynere Fi is fluorene that has &pvalue of 22.6 in DMSO. If
only minor differences? This conclusion was made on the basis the free energy change of the above reaction in DMSO is
of a limited number of available experimental data (specifically, .gjculated to be\Gexchange the [Ka value of AH can be readily
for the 65 cesium ion-pair acidities reported by Streitwieser et -5|cylated by eq 5.
al., only 13 of them have the correspondiri¢,palues measured
in DMSO). Here we decide to obtain a full list of the cesium pK_(AH) = 22.6+ AGeychange (5)
ion-pair acidities in THF and absolute ionic acidities in DMSO @ 2.30RT
for all the 65 compounds. This will allow us to reexamine the
relationship between the two scales of acidities more confidently.

To calculate the I§; values in DMSO, we use the following
isodesmic equation

(¢) Cesium enolate of 2-phenylcyclohexanone

Using eq 5 we have calculated the absolute iorkg palues
for all the 65 compounds listed in Table 2. Comparing the
calculated values with available experimental data (Figure 4),

- - 13) Streitwieser, A., Jr.; Bors, D. A.; Kaufman, M.Qhem. Commuri98
AH + FI” — A~ + FIH @ 3
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Absolute ionic acidity in DMSO ; Cesium ion-pafr acidity i
T T T T T T T T T T T T T T T ' 1
459 pK_(exp) = pK_ (theor) + 0.1 ’// ’ | Cs"In' (THF) +  AH (THF) —~'“A;:F Cs*A" (THF) + InH (THF) .
40 r=09822,rmse=13,N=13 -~ | e R R e L e T DR P E e e e TR B PR R EEE PR ’
/// .
35 e ] Cs'ln (Gas) + AH (Gas) <~2SPN3C.  (ip-(Gas) + InH (Gas)
—_ ///
< 30- 2 -
é LY} Cs' (Gas) Cs* (Gas)
x* 254 b E
Qo A’ I (Gas) + AH(Gas) —2EM A (Gag) 4 InH (Gas)
20 4 B
- oo
15+ // 7 E In- (DMSO) + AH (DMSO) % A (DMSO) + InH (DMSO)E
.(/ ! a E
s ] S . 1L AN ;
110 ' 1'5 210 215 3'0 315 410 415 Figure 6. Individual contributions of every ionization and solvation process
pKa (theor) to the K and K, calculations.

Figure 4. Correlation between the experimental and theoreti&alspin
DMSO.

50

pK, (DMSO) = pK (THF) - 1.5
r=0.9870,sd =1.4,N=65 .

40-

30 1

20

101

Absolute ionic acidity in DMSO

0 1 T 1 T T T T
30 35 40
Cesium ion-pair acidity in THF

Figure 5. Correlation between the cesium ion-pair acidities in THF and
the absolute ionic acidities in DMSO. The slope of this linear correlation
is set to 1.00.

45

we find that the theoreticaly’s match the experimental values
excellently over a largely, range (from about 10 to 45). The
mean error of the calculation i50.1 K, unit, while the rms
error equals 1.3 i, units.

Figure 4 indicates that the theoreticd{pvalues in DMSO
are trustworthy. Comparing the cesium ion-pair acidities in THF
and the absolute ionic acidities in DMSO for all the 65 carbon
acids (Figure 5), we find that the two scales of acidities are

45 T T T T T T T T T T T T
] . ]
40 * oo g
> ] * ..
E= 35 R * 2° o i
© 1 e * '. °
© 30+ . ° e o o ° .
T T o .
Q 25 ° o 30 % ° . . y
5 | °, ‘ae .
ke . ]
e 207 o Poos’
3 1 L ]
@ 154 g
O 1 [ 1Y
10 o g
5 T T T T T T T
100  -95 -90 -85 -80 -75 -70

Cesium affinity (kcal/mol)

Figure 7. Lack of correlation between the cesium ion-pair acidities of
carbon acids (theoretical) and the cesium affinities of the corresponding
carbanions (theoretical).

the acidities of hydrocarbon acids are insensitive to the solvent
effects by looking into the individual contributions of different
solvation processes.

As shown in Figure 6, the difference between the cesium
ion-pair acidity calculation (i.e., the calculation apK) and
the absolute ionic acidity calculation (i.e., the calculation of
ApKy) for the same carbon acid AH can be attributed to the
following terms: (i) the gas-phase binding of Cwith the
carbanion A (note: both processes involve an identical
deprotonation step), (ii) the solvation of AH (or InH) in THF

linearly correlated to each other with a systematic deviation of versus the solvation of AH (or InH) in DMSO, and (iii) the

1.5 K units. Thus, our conclusion drawn from a more extensive

solvation of A"Cs" (or In"Cs'") in THF versus the solvation of

comparison is in good agreement with Streitwieser’s previous A~ (or In~) in DMSO.

conclusion made on the basis of a limited number of experi-

As to the gas-phase binding of Cwith the carbanion A,

mental data. That is, for the same carbon acid the cesium relativeye have calculated the cesium affinities for all the 65 carbon

ion-pair acidity in THF and absolute ionic acidity in DMSO
have only a minor difference.

4.3. Why Do the Acidities of Hydrocarbon Acids Appear
to be Insensitive to External Solvent EffectsConsidering
the minor difference between the cesium ion-pair acidities in
THF with the absolute ionic acidities in DMSO, one may

acids shown in Table 2. Here the cesium affinity is defined as
the free energy change of the following equation in the gas phase
A~ 4+ Cs"—CsA (6)

We are surprised to find that the cesium ion-pair acidities exhibit

conclude that the acidity of the hydrocarbon acids is insensitive a very poor correlation with the cesium affinities (Figure 7).

to solvent effects. In view of the marked difference in solvent
properties, the match ofKy values in different solvents is

Noteworthily, the cesium affinities for the 65 carbanions vary
widely from about—100 to —70 kcal/mol. The absence of a

remarkable but fortunate. Here we attempt to understand why good correlation between the cesium affinities and the cesium
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Solvation of neutral carbon acids 30 T T T T T T T
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Figure 9. Correlation between the solvation energy for carbanions in

DMSO and the sum of the cesium affinity and the solvation energy of
cesium ion pair in THF.
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qc, -60-. ) s .. ° . i Figure 10. One-step solvation in DMSO vs two-step solvation in THF.
c
% 65 i THF more or less resembles a “micro”-solvation process (which
% ° means that the solvated molecule interacts with its neighboring
» .70 T T species). If this hypothesis is correct, then the two-step process

T 1T~ T 1 T 17 — 1 — 1 T
22 20 -18 -16 -14 -12 10 -8 -6 -4 -2
Solvation energies of cesium ion-pairs in THF

(b)

(i.e., formation of a cesium ion pair and subsequent solvation
of this ion pair in THF) should resemble the one-step solvation
of a carbanion in DMSO. To test this hypothesis, we calculate

Figure 8. Correlation between the solvation energies of AH in THF and
the solvation energies of AH in DMSO (a) and correlation between the

the sum of the cesium affinity and the solvation energy of
cesium ion pair in THF. We then plot this quantity against the

solvation energies of the cesium ion pairs in THF and the solvation energies Solvation energy for the corresponding carbanions in DMSO

of the carbanions in DMSO (b).

(Figure 9).

Much to our pleasure we find that the two quantities indeed

] ) o ) ) correlate very well with each other. The slope of the correlation
ion-pair acidities means that there must be a certain term in the 515 unity, whereas the correlation coefficient is 0.9601. This
pK calculation to counterbalance the irregular variation of ¢qnfirms our theoretical model where the overall process of the
cesium affinities. Cs binding (“micro”-solvation) and the solvation of the ion pair

As to the solvation of AH in THF versus the solvation of resembles the one-step solvation of a carbanion in DMSO
AH in DMSO, we find that the two solvation energies correlate (Figure 10). Noteworthily, the cesium affinity of fluorene (the
with each other very nicely (Figure 8a). The slope (i.e., 1.2) of indicator) is—47.8 kcal/mol, whose absolute value is very close
the correlation is close to unity, while the interceptl(5 kcal/ o the intercept of the above correlation (i.€50.3). Because
mol) is close to zero. On the other hand, as to the solvation of the cesium ion_pair acidity is measured as a relative value
A~Cs" in THF versus the solvation of Ain DMSO, we find compared to fluorene, it is now easy to understand why the
that these two solvation energies do not have a good correlationcesium ion-pairs’ acidities in THF are so close to the absolute
with each other (Figure 8b). This means that the solvation of jonic acidities in DMSO.
the neutral acids in different solvents will not cause a change 4.4, Cesium lon-Pair Acidities of Organic Nitrogen Acids.
of pKa values in different solvents, whereas the solvation of |n addition to carbanions, nitrogen-centered anions are also
carbanions versus the solvation of cesium ion pairs appears noicommon reagents in synthetic organic chemistry ranging from
consistent with the match ofia values in different solvents.  amidation reactions to nitrogen heterocycle transformations.

Given the fact that the cesium affinities have a very poor THF is often used as an inert and, therefore, ideal solvent for
correlation with the cesium ion-pair acidities, we hypothesize the reactions involving nitrogen anions. Due to the relatively
that the binding between a carbanion and a cesium cation inlow dielectric constant of THF, we expect that nitrogen anion
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oy L dissociation enthalpies in the solutiéf)sThus, some systematic
T, PK (THF) = pK, (DMSO) + 0.1 calculations (or more rigorously, experiments) must be done to
= r=0.9640,sd = 0.8, N = 13 ] answer the above question.
£ 28 ] In Table 3 are shown our calculation results for 12 repre-
% 261 7 sentative nitrogen acids whose absolute ioni,'® range
S 244 i considerably from 15 to 30. It is immediately clear that the
= )] ] cesium ion-pair acidities in THF and the absolute ionic acidities
Q 1 in DMSO are very close to each other for almost all types of
s 201 ] organic nitrogen acids. As shown in Figure 11, the correlation
E 184 1 coefficient between the two scales of acidities is as high as
? 16 - - 0.9640, whereas the intercept of the correlation is found to be
O 144 ] 0.1 K unit. Thus, the cesium ion-pair acidities of nitrogen acids
12 ' 1 in THF have only minor difference from the absolute ionic
14 16 18 20 22 24 26 28 30 32 acidities measured by Bordwell et al. in DMSO. Consequently,
Absolute ionic acidity in DMSO one can easily estimate the cesium ion-pair acidities of almost

all types of organic nitrogen acids in THF on the basis of

Figure 11. Correlation between the cesium ion-pair acidities in THF and ,
Bordwell's data.

the absolute ionic acidities in DMSO for organic nitrogen acids.

Table 3. Cesium lon-Pair Acidities in THF vs Absolute lonic 5. Summary

Acidities in DMSO for Organic Nitrogen Acids . . e . S
9 9 The ion-pair acidities of organic acids in THF are fundamental

Entry Structure Cesm Ii;);—(pTa}ilregf)idity Absolute Si%nié5 1ciac;ity to synthetic organic chemistry. Although the ion-pair acidities
P of a number of carbon acids have been experimentally measured
2 by Streitwieser and co-workers, it is important to develop a first-
1 qéw 13.6 147 principle method that can accurately predict these quantities
Y because not all the organic acids (e.g., very weak acids or
) A\ 186 186 complex synthetic |ntermed|ates with mu!t|p|§ acidic positions)
NS are amenable to experimental characterization. Here we report
3 21.5 (exp: 19.2) 19.9 the first theoretical protocol for predicting the cesium ion-pair
O acidities in THF whose reliability has been tested against almost
. R 213 210 all the available experimental datdt is found that the rms
@/) error of the current theoretical model equals 1R umits.
> CH;CONHFh 2t 23 With the newly developed theoretical method in hand, we
6 QNH 24 20 next investigate the structures of cesium ion pairs of different
7 NC@NHZ 257 253 types of carbon acids. We also systematically compare the
8 Ph,NH 25.9 (exp: 24.2) 250 cesium ion-pair acidities in THF and absolute ionic acidities in
9 CHsﬁﬂNHz 25.7 25.5 DMSO and confirm Streitwieser’s previous finding that the two
10 26.6 267 scales of acidities have only minor difference. Significantly,
. HnCoN: 25 2o using detailed energy analysis we find the mechanism for the
N\ “fortunate” match of the two scales of acidities. That is, the
12 O—NH 29.1 28.5 . . . - " .
— combined process of the Cs binding (“micro”-solvation) and
13 sz 315 306 the solvation of the ion pair resembles the one-step solvation
_ of a carbanion in DMSO. Finally, we find that the cesium ion-
# Experimental data collected from ref 2. pair acidities of nitrogen acids in THF have only minor

difference from the absolute ionic acidities in DMSO. Conse-

guently, one can easily estimate the cesium ion-pair acidities
of almost all types of organic nitrogen acids in THF on the

basis of Bordwell's data.

intermediates must exist as ion pairs in THF. Therefore, it is
meaningful to study the ion-pair acidities of organic nitrogen
acids in THF. Noteworthily, Streitwieser and co-workers have
not systematically studied the ion-pair acidities of nitrogen acids
in THF (they did report the Cs ion-pair acidities of two amines 6. Computational Methodologies
in THF/diphenylamine (24.2) _and carbazole (19)231Ith0ugh_ . Allthe calculations were performed with the Gaussian03 progfams
qud\{vell etal. havg systemat{cally measured the absolute I0NiC ;ing our HP Superdome server (321.5 GHz Itanium 2 Madison
acidities of many nitrogen acids in DMSO. CPU). Geometry optimizations were conducted using several DFT
Here we ask whether or not the cesium relative ion-pair methods (B3LYP, B3PW91, B3P86, or PBEPBE, with the Lanl2dz
acidities of nitrogen acids in THF have any major difference basis set for cesium and 6-31G* basis set for the other atoms). Each
from the absolute ionic acidities measured by Bordwell et al. optimized structure was confirmed by the frequency calculation at the
in DMSO. If the answer is negative, then one can easily estimate same level to be the real minimum without any imaginary vibration
the cesium ion-pair acidities of almost all types of organic frequency. For compounds that had multiple conformations, efforts were
nitrogen acids in THF on the basis of Bordwell’s data. It js Made to find the lowest-energy conformation by comparing the
important to point out that the solvation of a nitrogen-centered Structures optimized from different starting geometries.
anion may be significar_nly different from the solvation of a (14) Fu, Y.: Liu, L: Wang, Y.-M.: Li, J-N.: Yu, T.-Q.: Guo, Q.-XJ. Phys.
carbanion (as we previously reported in the study of bond Chem. A2006 110, 5874.
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Harmonic vibrational frequencies were calculated using the DFT/ usually not significant. All the solution-phase free energies reported in
Lanl2dz/6-31G* method from the optimized geometries. Zero-point the paper correspond to the reference state of 1 mol/L, 298 K.
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