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The acid dissociation constants (Kapp) of p-t-butylcalix[n]arenes (1,: n=4, 6, and 8), O-methylated p-¢-
butylcalix[4]arene (2Me,), and their noncyclic analogs (3,) were estimated in THF at 25°C.  As pH indicators,
EuNT salts of p-nitrophenolate, 2,4-dinitrophenolate, and picrate were employed. The pKapp values for 1, were
lowered by at least four pK units from that of p-t-butylphenol because of strong intramolecular hydrogen-

bonding interactions.

Compounds 2, involved both the strong and weak hydrogen bonds: the proton in the

strong hydrogen bond showed the acidity comparable with that of 1, whereas that in the weak hydrogen bond

showed the relatively high pKapp.
IHNMR) and vou (OH vibration band in IR).
butylcalix[n]arenes.

Calixarenes are cyclic oligomers made up of phenol
units. Phenolic hydroxyl groups appended on the
lower rim form strong intramolecular hydrogen
bonds, which serve as a main driving force for stabiliz-
ing a “cone’”’ conformation.»? Because of the intra-
molecular hydrogen-bonding interactions,!-3 they are
expected to have the pK, values which are quite differ-
ent from those of the corresponding monomeric units
such as phenol and p-t-butylphenol. Through our
previous studies on calixarenes,*® we noticed that to
know the pK, values is indispensable to understand
conformational and host-guest properties of calixa-
renes. They frequently play decisive roles in the sta-
bilization of a cone conformation and in the guest
selectivity.®” The studies on pK, determination have
been very limited, however. Bd&hmer et al.® synthes-
ized a few calix[4]arenes containing a p-nitrophenol
unit and estimated the pK, by a spectroscopic method.
They concluded that the p-nitrophenol unit in calix-
[4]arenes shows nearly the same dissociation behavior
as the linear analog. On the other hand, we synthes-
ized p-sulfonatocalix[4]arene and p-nitrocalix[4]arene
and found out that the dissociation of the first proton
occurs at very acidic pH region (pK.=1—2.9).910
The surprisingly large pK. shift was also observed for
p-phenylazocalix[4]Jarenes.!? The presence of such a
“super-acidic”’ proton is also supported by X-ray crys-
tallographic studies by Atwood et al.12  The unusual
pKa value (pK., for the dissociation of the first proton)
is attributed to the formation of a strong, circular
hydrogen-bonding belt on the lower edge of the calix-
[4]arene cavity.

The pK. values of calix[4]arenes mentioned above
could be determined because they were water-soluble
(at least partially). Then, how can we estimate the
“pK.” of conventional p-t-butylcalix[n]arenes? They
are soluble only in organic solvents. We have
employed spectroscopic titration in nonaqueous sol-
vents. We selected p-nitrophenolate (NP~), 2,4-
dinitrophenolate (DNP~), and picrate (P~) as pH indi-
cators because (i) indicators having a phenolic

These properties were discussed in relation to don (chemical shift in
This is the first systematic discussion on “pK,” of p-t-

hydroxyl group as a dissociation group are recom-
mended for titration of the phenolic hydroxyl groups
in 1,, (ii) they have strong absorption bands at visible
region, (iii) they have different pKa. values covering
from pH 1 to 7, and (iv) they are commercially availa-
ble. In this paper, we estimate not only “pK.” values
of p-t-butylcalix[n]arenes (1,:n=4, 6, and 8) but also
those of partially methylated 14 (2Me,) and their acy-
clic analogs (3»).
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Results and Discussion

IR and 'HNMR Spectra. As a prelude to pK,
determination, we measured IR and 'H NMR spectra
of 1,, 2Mej—3, and their acyclic analogs 3.. The
results are summarized in Table 1. It has been
noticed that in 1,, vos bands in IR appear at around
3100 cm-! and Sou in 'HNMR appear at around 10
ppm.1-3  These shifts are attributed to intramolecu-
lar hydrogen-bonding interactions. In 'H NMR, the
OH protons in the dimer (3z), which has the smallest
unit to form an intramolecular hydrogen bond, give a
single peak at 8on=7.23 ppm. This chemical shift
corresponds to a “half”’ hydrogen-bonded proton (Eq.
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Table 1. wvon in IR Spectra (Nujol, Room Temperature)
and dou in !H NMR (CDCls, 25 °C,
Internal Standard TMS)
Compound  vow/cm™1 Son/ppm (Integral Intensity)
14 3170 10.34(4H)
16 3120 10.50(6H)
1s 3190 9.60(8H
2Me; 3150, 3280 9.54(2H), 10.13(1H)
2Me2 3450 7.19(2H)
2Me3 3470 6.20(1H)
32 3280 7.23(2H)
33 3240 8.51(2H), 9.17(1H)
34 3200 8.32(2H), 9.46(2H)
O/Hu,,"o/H ‘H\o
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1). The trimer (33) gives two peaks at 8.51 and 9.17
ppm. The integral intensity tells us that the peak at
lower magnetic field (integral intensity 1H) is
assigned to the proton of the inner phenol unit and
that at the higher magnetic field (integral intensity
2H) is assigned to the protons of external phenol units
(Eq. 2): that is, the proton of the inner phenol unit
always participates in hydrogen-bonding interactions
whereas those of external phenol units are “half”
hydrogen-bonded. These results suggest that the
chemical shift of the phenolic protons reflects the
degree of intramolecular hydrogen-bonding interac-
tions. The &ou for the “fully” hydrogen-bonded
proton appears at the magnetic field lower by 0.66
ppm than that for the “half”” hydrogen-bonded prot-
ons: thus, the stronger the hydrogen bond, the greater
the down-field shift.13)

The Sou values for the “half” hydrogen-bonded
protons in 33 and 34 shift to the lower magnetic field
(by 1.09—1.28 ppm) from that for the ‘“half”
hydrogen-bonded proton in 32. In 33 and 34, the OH
groups in inner phenol units are polarized through
hydrogen-bonding interactions (O(6—)-H(é+)---OH).
Hence, the hydrogen bond with the polarized
OH group (OH--O(6—)-H(é6+)-OH) is more
strengthened.

The 6ou values for 1, further shift to the lower
magnetic field. In particular, the shifts observed for
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Fig. 1. Intramolecular hydrogen-bonding interac-

tions in 14, 2Me1, and 2Me,.  The filled lone pairs
denote the occurrence of electrostatic repulsion.

1, and 16 are surprisingly large. The finding indi-
cates that a strong, hydrogen-bonding belt is formed
on the lower rim of the calixarene cavity. This serves
as the origin of the stabilization of a “cone”” conforma-
tion.1267 In 14, for example, all protons are chelated
through hydrogen bonds and the resultant structure
features high Cs symmetry (Fig. 1).14) In contrast,
the relatively small shift in 1s implied that the
hydrogen-bonding belt is somewhat destabilized, pre-
sumably, by the flexible nature of the calix[8]arene
ring.}? Among 1, the 8oun for lg¢ appears at the
lowest magnetic field and that for 14 is the next,
indicating that the strength of the intramolecular
hydrogen-bonding interactions is in the order of
16>14>1s.

In contrast, monomethylated 2Me; gives two peaks
at 9.54 (integral intensity 2H) and 10.13 (integral
intensity 1H) ppm. This shows that the hydrogen
bonds are destabilized by introduction of a methyl
group. In 14 four protons can interact with each
other through four lone electron pairs in oxygens to
form a circular hydrogen-bonding belt (Fig. 1). This
is due to high symmetry of 1414 In 2Me;, on the
other hand, the methyl group should be placed out-
side the ring when it adopts a cone conformation (Fig.
1) because the lower rim of the ring is too small to
accept the methyl group. The examination of
Corey-Pauling-Koltun molecular models also sup-
ports the “outside-methyl.” The 'HNMR supports
that 2Me; is present in a cone conformation: at 30°C
in CDCls, the ArCH2Ar protons give two pairs of
doublets (3.43 and 4.27 ppm for one pair and 3.43 and
4.36 ppm for the other pair). Under this situation,
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two lone electron pairs are enforced to be confronted
with each other (Fig. 1). This orientation would
induce serious electrostatic repulsion, so that the
arrangement of lone electron pairs would be distorted
from C4 symmetry (for example, as in 2Me;’). This
explains why the two hydrogen bonds in 2Me; are
specifically weakened: as shown in 2Mey’, the distor-
tion results in two weak hydrogen bonds. In 2Meg,
the electrostatic repulsion between lone electron pairs
can take place at two positions (Fig. 1).19 In fact, it
gives a single peak at 8ox=7.19 ppm for the phenolic
protons, which shifts by 3.15 ppm to the higher mag-
netic field from that of 1,. The 8ou value for 2Mes
further shifts to the higher magnetic field (6.20 ppm),
indicating the formation of a very weak hydrogen
bond.

It has been noticed that in IR, the von vibration
band of 1, appears at around 3100 cm-1.2-3) This is
also attributed to the strong, intramolecular
hydrogen-bonding interactions.!=3 Examination of
Table 1 reveals that the shift width of the von band to
the lower frequency is in the order of 1g>14>1s. This
order is in good accord with that of the &on in
IHNMR. This suggests that the strength of the hyd-
rogen bond is also reflected by the von: the stronger the
hydrogen bond, the greater the shift to the lower
frequency. In fact, 2Me, and 3,, the hydrogen bonds
of which are relatively weakened, give the vou at
higher frequency region. In Fig. 2, we illustrate a
plot of Sou vs. vou. Clearly, the vou value correla-
tively increases with increase in the don value.

Interestingly, 2Me;, which gave two 6on values in
IH NMR, results in two vou bands in IR. This sup-
ports again that 2Me; includes two different hydrogen
bonds, one is strong and the other is weak. It is clear
from the foregoing discussion that vou 3150 and 3280
cm-! bands correspond to don 10.13 (strong bond) and
9.54 (weak bond) ppm peaks, respectively. The
'H NMR data suggest that 33 and 34 may also give two

2Me2 °
L 2M93
3400 b
€
~ 3300} 2Me 32
S 3 33
3z KA
3200 1, o° J
oo '8
6
o 2Me
3100 : L ' :
1 10 9 8 7 6
Son / PPM

Fig. 2. Plots of von vs. don.
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vou bands. In fact, however, the vou band for these
compounds appeared as a single, broad peak.

The foregoing results consistently demonstrate the
presence of the strong hydrogen-bonding interactions
in 1, and the relatively weakened interactions in 2Me,,
and their acyclic analogs. Hereafter, we discuss how
the strength of the hydrogen bonds is reflected by their
pK. values.

pKapp Determination. We have used NEts* salts of
NP-, DNP-, and P~ as pH indicators (Table 2).
Their pK, values in water at 25°C are 0.71, 4.11, and
7.15, respectively. Taking the titration of 14H,
(undissociated species of 14) by P~, for instance, the
following equilibrium will be attained in solution
(THF, 25°C).

K.
1,H,+P —14Hs~+PH (3)

The decrease in [P~] is readily measured by a spectros-
copic method and the equilibrium constant (K.) can
be determined. Thus, the apparent acid dissociation
(dissociation of the first proton) constant (Kapp) for
1,Hy is defined by Eq. 4.

Kapp =K. Ka 4)

To test the reliability of this method, we titrated
four p-substituted phenols p-X-CeHsOH (X=0Me,
H, Br, and CN) by NP~. The results in Table 3 show
that one can obtain reasonable pKa, values by this
method. We thus applied this method to the deter-
mination of pKapp values for 1,, 2Me,, and 3,. The
results are summarized in Table 4. The most com-
pounds resulted in reasonable titration curves which
could be analyzed according to the theoretical equa-
tion (Fig. 3). In contrast, the titration curves for 33
and 34 significantly deviated from the theoretical

Table 2. Absorption Spectra of Tetramethylammonium
Salts of p-Nitrophenolate (NP-), 2,4-Dinitrophenolate
(DNP-), and Picrate (P~) at 25°C in THF

lmax emax
Indicator
nm dm3mol-!cm!
NP- 422 8470
_ 372 9820
DNP (429 o090
P- 371 11800

Table 3. pK. (water, 25 °C) and pKap (THF, 25 °C)
of p-Substituted Phenols

p-X-CeH,OH pKa. pKaps” pKapp—pKa
X=0Me 1021  10.91 0.70
X=H 9.99  10.68 0.69
X=Br 9.34 9.67 0.33
X=CN 7.95 7.83 (7.76)”  —0.12 (—0.19)

a) Estimated with NP-. b) Estimated with DNP-.
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Table 4. pKapp of 1,,, 2Me,, and 3, (THF, 25 °C)

pKapp Determined by
Compound

NP- DNP- P-
14 a) a) 4.11
16 a) a) 3.62
1s a) a) 4.05
2Me1 6.95 7.10 3.98
2Mez 12.2 b) b)
2Mes 12.5 b) b)
31 10.9 b) b)
32 7.92 — —
33 6.9 7.0 —
34 5.3 5.5 —

a) The dissociation of 2—4 protons occurred simul-
taneously. b) The spectral change is too small to
estimated the pKapp: that is, the basicity of DMP- and
P- is too weak to abstract a proton from 2Me,,.

010
S
N
& 005
o
! L
% 5 10 15

105371/ mot dm™3

Fig. 3. Titration of 32 with NP~ (9.31X10-¢ mol
dm=-3) in THF at 25°C. The solid curve indicates
the theoretical line for the titration.

equation: at the initial stage of the titration the disso-
ciation of the first proton occurs easily whereas at the
last stage of the titration the dissociation is rather
suppressed. Presumably, the deviation is caused
by intermolecular hydrogen-bonding interactions
between partially dissociated species of 33 and 34. In
1, and 2Me,, intramolecular hydrogen-bonding
interactions occur in preference to intermolecular
ones. Thus, the titration curves obey the theoretical
equation. For 33 and 34, we picked up the data at
around pKapp (half-dissociated) and estimated the pKapp
values.

The pKapp values for 1,, determined with P~, are
in the order of 11g>14. This is not quite in accord
with the order of dou (16>14>1g). In 1,, the dissocia-
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Fig. 4. (A) Dissociation from a strong hydrogen

bond (the oxide anion can form two hydrogen
bonds). (B) Dissociation from a weak hydrogen
bond (the oxide anion can form only one hydrogen
bond).

tion of the proton involved in a strong hydrogen
bond would be suppressed. Once it is dissociated, the
oxide anion would be strongly stabilized by the hydro-
gen bond. The pKap, reflects the difference between
these two energy states and therefore does not give the
same order as on. Anyhow, the result suggests that
16 possesses the strongest hydrogen bond and the most
acidic proton. Compound 2Me;, which has one
strong hydrogen bond and two weak hydrogen bonds,
affords the low pKay, comparable with those for 1,.
Which proton is dissociated first? The fact that
2Mes, which has only two weak hydrogen bonds,
affords the high pKap, value supports the dissociation
from a strong hydrogen bond. This is also under-
standable from Fig. 4: if a strongly hydrogen-bonded
proton is dissociated, the oxide anion can be stabilized
by two hydrogen bonds. If a weakly hydrogen-
bonded proton is dissociated, the oxide anion can be
stabilized only by one hydrogen bond. The differ-
ence argues for the dissociation of the strongly
hydrogen-bonded proton.

When NP~ and DNP~ were used for the determina-
tion of pKapp for 1, the dissociation of 2—4 protons
occurred simultaneously. Thus, we could not esti-
mate the pKap. For 2Mey, in contrast, the dissocia-
tion of the first proton could be determined with NP~
and DNP~. The difference indicates that in 1, the
dissociation of plural protons occurs successively,
whereas in 2Me; the dissociation of the first proton
occurs at very acidic region but that of the second
proton occurs at considerably basic region. We here
noticed a serious problem about the present titration
method. The pKap, values for 2Me; determined with
NP~ and DNP~ are similar each other but are largely
different from that determined with P~: pK,p, deter-
mined with P~ is lower by about 3 pK units. This
implies that in THF P~ apparently acts as a relatively
stronger base. Although this reason is not under-
stood well, we consider that in Et4N*P~, the ion pair
is more loosened because of steric crowding of 2,6-
dinitro moieties. Anyhow, we cannot directly com-
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pare pKapp, values determined with NP~ and DNP-
with those determined with P~. As described above,
the pKapyp values for 1, are comparable with that for
2Mei.  We thus considered that if they could be deter-
mined with NP~ and DNP-, then their pKay,p values
should be about 7.

As shown in Table 4, the pKa, for 3: (ie., p-t-
butylphenol) is 10.9. One can thus consider that the
pKapp values for 1, and 2Me; are lowered by about four
pK units. Very recently, Grootenhuis et al.1®
reported computational studies of calix[4]arenes.
They predicted that the difference in acidity between
calix[4]arenes and its acyclic analogs would be 9—11
pK units. The remarkably large pK. difference was
actually observed for p-sulfonatocalix[4]arene and p-
nitrocalix[4]Jarene.%19 The p-substituents in these
calix[4]Jarenes are strongly electron-withdrawing.
Hence, the dissociation of the first proton from a
phenol unit is facilitated not only by the conventional
hydrogen-bonding interactions but also by the
electron-withdrawing nature of neighboring phenol
units. Of course, the latter effect is primarily trans-
duced through the hydrogen bonds, but the contribu-
tion of through-space interactions must be also taken
into account. In the present system, the difference in
acidity between 1, and p-¢-butylphenol is estimated to
be about four pK units. We consider that the rela-
tively small pK.p, shift is attributed to the absence of
the latter effect: in other words, introduction of
electron-withdrawing substituents into p-position
acceleratively lowers the pKapp.

2Mez and 2Mes, which only possess weak hydrogen
bonds, afford the pK.p, values higher by more than five
pK units than that for 2Me;. This implies that weak
hydrogen bonds are not capable of stabilizing the
oxide anion efficiently. The pKayp values for 2Mes
and 2Mes are even higher than that for 3;. In con-
trast, the pKayp values for noncyclic trimer 33 and
tetramer 34 are unusually low. We consider that
this pKapp shift is brought forth by the stabiliza-

tion through intermolecular hydrogen-bonding
interactions.1?
Conclusion. This paper describes the first syste-

matic estimation of acid dissociation constants for 1,
and their analogs. The pK., values for 1, are
lowered at least by four pK units because of strong
intramolecular  hydrogen-bonding  interactions.
This conclusion is of great significance in understand-
ing characteristic properties of 1, such as conforma-
tional isomerism,1213) gqutoaccelerative substituion,18
ring invertsion rates,1219 etc.

Experimental

Materials. Compounds 1, were prepared according to
Gutsche’s method.20 Compounds 3, were prepared accord-
ing to the literatures.2%22 Compound 2Me; was kindly
supplied by Professor D. N. Reinhoudt(University of
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Twente).

25-Methoxy-p-t-butylcalix[4]arene (2Me;).t Compound
14 (500 mg, 0.77 mmol), methyl iodide (0.48 ml, 7.7 mmol),
and K2COs (106 mg, 0.77 mmol) were added to 25 ml of
acetone and the mixture was stirred at room temperature for
23 h. The progress of the reaction was followed by an
HPLC method. After filtration the filtrate was concen-
trated in vacuo. The residue was taken in water-chloro-
form. The chloroform solution was separated and
subjected to a column purification (silica gel, chloro-
form :hexane=1:1 vol/vol). The eluent was evaporated to
dryness and the residue was crystallized from chloroform-
methanol; white powder, mp 186—188°C, yield 15%; IR
(Nujol) vou 3150, 3250 cm-1; 400 MHz 'HNMR (CDCls,
25°C) 6=1.20, 1.21, 1.22 (9H, 18H, 9H, respectively, ¢-Bu),
3.44 (4H, Hexo in ArCHAr), 4.12 (3H, OMe), 4.27, 4.36 (2H
each, Henso in ArCH2Ar) 6.99, 7.04, 7.05, 7.09 (2H each, ArH),
9.54, 10.13 (2H, 1H, respectively, OH). Two pairs of dou-
blets for the ArCH2Ar protons indicate that 2Me; adopts a
cone conformation.

Found: C, 80.74; H, 8.66%.
0.5CH3OH: C, 80.45; H, 8.91%.

25,26,27-Trimethoxy-p-t-butylcalix[4]arene (2Mes). 25,
26,27-Trimethoxycalix[4]arene has been synthesized by
Gutsche et al.22 According to this method, we here
employed Ba(OH)2 as base for the trisubstitution reaction.
Compounds 14H (1.0 g, 1.5 mmol), BaO (1.5 g, 10.4 mmol),
Ba(OH)2-8H:20 (1.7 g, 5.4 mmol) were added in 25 ml of
DMF. To this mixture (stirred at room temperature)
methyl iodide (2.88 ml, 4.62 mmol) was added dropwise.
After 30 min, the solution was diluted with water and
extracted with chloroform. The chloroform layer was
separated and evaporated to dryness. The residue was
recrystallized from chloroform-methanol; white powder,
mp 213—214°C, yield 58%; IR (Nujol) vou 3470 cm-}
'HNMR (400 MHz CDCls, 25°C) 6=0.83, 1.33, 1.34 (18H,
9H, 9H, respectively, ¢-Bu), 3.21, 3.28 (2H each, Hexo in
ArCH2Ar), 3.84, 3.95 (6H, 3H, respectively, OMe), 4.29, 4.32
(2H each, Henso in ArCH2AT), 6.20 (1IN, OH), 6.54, 6.57, 7.07,
7.14 (2H each, ArH). Two pairs of doublets for the
ArCHzAr protons indicate that we selectively recovered a
cone isomer.

Found: C, 81.46; H, 9.03%.
H, 9.04%.

Calcd for CgsHssO4-

Calcd for C47H5204: C, 81.70;
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