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Abstract: Amines form proton-transfer ion pairs of the type Bk~ with acidic indicator hydrocarbons InH

in THF. Relative equilibrium constants measured for a humber of amines in THF differ substantially from
ionic pK, values for BH in acetonitrile or DMSO. The results show that ion pair dissociation constants of the
protonated amine ion pairs in THF vary by several orders of magnitude and point out that at the present time
amines cannot be placed quantitatively on any of the ion pair acidity scales currently in use for neutral acids

in THF.

The K, values for many protonated amines have been
determined in polar solvents such as water, DMSO, and
acetonitrile. Amines are frequently used as base catalysts in
nonpolar solvents such as THF in which the corresponding
ammonium salts are present entirely as ion pairs. To our
knowledge there are no quantitative data available concerning
the ion pair basicities of amines in nonpolar solvents. In the
present work we give such quantitative data and show that
relative ion pair basicitiescan differ substantially from the
correspondingonic basicities The results also have important
implications concerning ion pair acidity scales for charged acids.

lon Pair Basicities

We define ion pair basicity in terms of equilibrium 1 in which
B is a base such as an amine and InH is a suitable proton donor
generally an indicator of known relative acidity.

Kdiss

Kip
B+InH=BH IN"=—=BH" +In~ (1)

The producKpKgiss= Ky is the ionic equilibrium constant that
corresponds ta\pK, for BH* and InH. A few K, values are
known in THF but only for some strong acids such as perchloric
acid? however, the relative values &€, in THF would be
expected to correspond to relativjvalues of BH in polar
aprotic solvents such as DMSO and acetonitrile. If all of the
Kdissvalues are about the same, the valueK;pivould also be
expected to parallel thes&pvalues. In the present work we
find that relativeKj, values for some amines in THF differ
substantially from polar I§; values.

Results and Discussion

We recently determined the ion pair acidity of several acidic
carbon indicatord—4 in THF on the lithium and cesium ion
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pair scales.lon pair acidity is defined in terms of equilibrium

2 where M is generally either Lfi solvent-separated ion pairs

¥V ha K el VEa
RRM"+RH=RH+R M (2)

(SSIP) or C% contact ion pairs (CIP) in our work and the

equilibrium constants are converted to absolute numbers by eq
3 where the standard is taken as 22.90, the ioKicgb fluorene

®3)

per hydrogen in DMS®.Tables of such i§ values have been
published previously for the €and LF scales. A corresponding
list was published recently by the Antipin group for a range of
[2.2.1]encryptated lithium ion pairs.

ApK = pK(R'H) — pK(RH) = — log K
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The hydrocarbond—4 are sufficiently acidic that they give

colors with some amines in THF corresponding to the formation
of the ion pairs BH In~. The equilibrium constants;,, were
determined by assuming that the extinction coefficients are the
same as the corresponding lithium ion pairs, whagg are

o . - Pe
similar to the protonated amine salts. This procedure was also ppj

justified by the behavior of DBU, the most basic of the amines
studied. DBU reacts completely with DBF to form the ion pair
with 1max 696.5 nm €, 73600), values that are close to those of
the lithium SSIP Amax 699 nm €, 79600). Most experiments
were done with the most acidic indicaté(DFB) but because
the Kj, of DBU could not be measured directly with this
indicator, it was estimated from other amines and BBP-5;
DMAP and quinuclidine are 22 and 24 times as basic,

Streitwieser and Kim

Table 1. Spectroscopic Data and lon Pair Basicities of Amines in
THF at 25°C

indicator
RH amine AmaxNM Kip (THF) M7t pKe?

DBPF° DMAP 699 0.25+ 0.03 0.61
benzimidazole 699 0.3 0.06 0.19
imidazole 699 0.05& 0.004 1.01
quinuclidine 692.5 0.720.08 0.15
triethylamine  693-693.5  0.007# 0.0014 2.11
tribenzylamine 687.5 0.0039 241
proton sponge  693.5 0.0071 2.15
tributylamine  691.5 0.00040 3.40
DABCO 690 0.32 0.80
DBU 696.5 6000 —3.78

BBP-3' DMAP 638 0.012 191
quinuclidine 634.5635.5 0.030t 0.007 1.53
DBU 634.0-634.5 261+ 3 —2.42
DBU 558 1.04 —0.02
DBU 437 0.094 1.03

a Statistically corrected. Protonated DBU and proton sponge are
treated as having one basic positiéd, 3-(dibenzofulvenyl)-6-(9-
fluorenyl)-1,2-benzofulvene; Li salf,max 699 nm €, 79600), K 5.6;

Cs salt,Amax 670 nm €, 53300), K 7.4.¢ Extrapolated from BBP-5;
see textd 3, 1,5-bis(biphenylene)-1,4-pentadiene; Li saltax 635 nm
(e, 193000), K 8.2; Cs saltAmax 629 nm €, 169000), K 10.5.¢2,
1,3-bis(biphenylene)propene; Li sdltax 557 nm €, 112500), K 10.4;
Cs salt,Amax 554 nm €, 107600), K 12.3.7 1, 1,3-diphenylindene; Li
salt, Amax 450 nm €, 32900), K 12.3; Cs saltdmax422 nm €, 23300),

respectively, toward DBF compared to BBP-5 and the average pK 12.7.

was used for DBU. The results of all of the experiments are
summarized in Table 1.
pKip is defined as—logKjp; thus, smaller or more negative

values correspond to greater basicity. The values obtained are

also summarized in Table 1 corrected for statistical effects; for

example, imidazole has one basic nitrogen but the protonated

structure has two equivalent protons that can be lost giving a
statistical correction of-0.3. [Kj, values for DBU are available
for four carbon acids. A plot of these values vs the corresponding
pK values of the indicators on the lithium scale is linear but
with a slope of 0.75 (Figure 1). This result has some important
implications.

Equation 2 is converted to eq 4 by incorporating the
dissociation constants of the ion paik;ssin eq 5.

AK,

R+ RH=—=RH+ R~ 4)

—log AK, = pK(R'H) — pK(RH) = —logK —
log [KsdR™ MT)/Kged R M) (5)

For lithium SSIP of delocalized carbanion&gis{R™ Li™) are
relatively constant at 1& M,2 and thus the ion paitK values

of eqs 2 and 3 actually correspondApK, values even though
the actual K, values are not known. Accordingly, the ion pair
pK values of such SSIP lithium salts give an excellent linear
correlation with the DMSO IK, value$ with a slope close to
unity.8 The same generalization holds for the [2.2.1]encryptated
lithium ion pairs? Similarly, if the protonated amine ion pairs,
R~ BH™, have the samKqissas the lithium SSIP, thij, values

of eq 1 would actually correspond #pK, for RH and BH". If
they differ from Kgis{R™ Li™) by a constant value, thApK
values of eq 2 would differ frorApK, by a constant value but
the slope of Figure 1 would be unityhe experimental results
show that even over a relatively shapK range of 7 units,
Kais{ R~ BH™) varies by 2 orders of magnitude. In other words,

(8) Kaufman, M. J.; Gronert, S.; Streitwieser, A., JrAm Chem Soc
198§ 110, 2829-35.
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Figure 1. Plot of pKj, of DBU with pK(Li) of four indicators. The
regression line shown is8.14+ 0.75¢; R> = 0.98.

eq 6, in which BH is a protonated amine, differs substantially
from eq 2 in which M is SSIP Li, CIP Cs', or cryptated L.

(6)

Consequently, no reasonable estimate can be made for
KgisdBH™ In7) and it is not possible to assigiKyalues to BH
on any of the ion pair acidity scales now in use for RH in THF.
To do so will require the actual measurement ofklags values
by, for example, conductivity measurements. The present work
provides a good system for such conductivity measurements
and we hope to provide these in the future.

Available data are summarized in Table 2 for th& palues
of protonated amines in DMSO and in acetonitrile. As expected
they correlate mutually with a slope close to unity. A comparable
plot is shown as Figure 2 comparind(p for amines toward
DBF in THF compared to thely of the protonated amines in
acetonitrile. Although there is a rough trend that more basic
amines are more basic in both solvents, there is substantial
scatter. The comparison of quinuclidine and tributylamine is

R BH"+RH=RH+R ™ BH"



lon Pair Basicity of Some Amines in THF

Table 2. pK, of Protonated Amines in DMSO and Acetonitrile

amine Ka DMSO pKa acetonitrile

DMAP 18.18
benzimidazole

imidazole 14.2
quinuclidine 9.8 19.5¢
triethylamine 9.6 18.70f
tribenzylamine 3.65 12.88
proton sponge 7.47 17.28
tributylamine 18.09
DABCO 8.93 18.29
DBU 23.%

aReference 16° Reference 17¢Reference 18!Reference 19.
¢ Reference 20" Reference 219 Reference 22! Reference 9. Refer-
ence 23! Reference 24<Reference 25.
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Figure 2. lon pair basicities of amines in THF compared to ionic
basicities in acetonitrile.

particularly noteworthy. They have comparable basicities in
acetonitrile but differ by 3 orders of magnitude in THF; the
direction is such that the BHn™ ion pair is much tighter for
quinuclidine with its exposed proton than is that of tributylamine
in which the butyl groups undoubtedly increase the effective
cation—anion distance. On the other hand, triethylamine and
tribenzylamine have comparable basicities toward DBF in THF
but differ by almost 6 K, units in acetonitrile, consistent with
the inductive effect of the benzyl groupshat is, for triben-
zylamine BH" In~ is a tighter ion pair than expected in THF.
This comparison further emphasizes the important role of
relative ion pair stability and the difficulty at present in trying
to put neutral bases and neutral acids on the same quantitativ
ion pair scalé? DBU, however, is a strong base in both solvents
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comparison with lithium cryptates in THEhat Kgiss Wwould be
similar for all of the large phosphazene ion pairs studied and
that theApK measurements are therefakpK, Morris et all?
have reported a number of proton transfers from transition metal
hydrides to phosphines and have used the Fuoss&dqo7
estimateKgiss and convert the\pK values toApKa.

K yies= 30008°/(47N&°) 7)
whereb = —€?/(ackT), N = Avogadro’s numbera = interionic
distance in cme = 4.80E-10 esug¢ = dielectric constant, and
k = Boltzmann constant.

In the absence of direct data fiss this is probably as
reasonable an approach as any. The problem in all of these
studies is in estimating the interionic distangeThe cation
contains a proton that can be more or less exposed with a
corresponding change i Sincea enters the Fuoss equation
primarily as the cube, the resultitGssis highly dependent on
the choice of. To our knowledge, the Fuoss equation has never
been tested with proton-containing cations in the ion pair. The
present work indicates that the assigigiK, values can easily
be in error by severalko units. Figure 2 suggests that part of
the lower basicities of triethylamine, tributylamine, and proton
sponge might be associated with their more buried protons in
the ion pairs making the ion pairs less tightly hétdve had
hoped thatimax for the ion pairs might be a measure of the
effective anior-cation distance in these ion pairs but the results
do not show any simple correlation. For example, thgx of
the DBF @) salts are all similar to that of the solvent-separated
lithium ion pair (699 nm) and at longer wavelength than for
the cesium salt (670 nm) indicating an effecti@esimilar to
that of the long aniorLi™ distance of the lithium salt. Con-
sistent with this thought is the fact thafax for the quinuclidine
salt, with its localized and relatively exposed proton, is at shorter
wavelength than those for the more delocalized protonated
amines, DMAP, inidazole, and benzimidazole, indicative of an
effectively shortera for the quinuclidine salt. Unfortunately,
Amax for the triethylammonium and tributylammonium salts are
also at comparable shorter wavelengths even though one might
have expected their protons to be more hindered corresponding
to a longer effectiva value. We reluctantly conclude that further
speculation is unwarranted until more diverse data are in ffand.
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Other proton transfers between neutral bases and neutral acidgne cation is associated closely with an anion.

have been reported previously. The competition of several

fluorinated carbon acids for a phosphazene in heptane was use

to put these acids on an ion pai jgcale!! It was assumed by
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