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Exceptionally high pK, values of 16.1 and 16.3 have been obtained for 1,8-bis(dimethylamino)- and
1,8-bis(diethylamino)-2,7-dimethoxynaphthalene respectively from measurements of the equilibrium
between the protonated amines and hydroxide ion in Me,SO-H,0O mixtures. These values make the
amines more basic by four pK, units than 1,8-bis(dimethylamino)naphthalene. This may be a result of an
increase in strain in the free amines and of a strengthening of the intramolecular hydrogen bond in the
protonated amines. Proton transfer from protonated 1,8-bis(dimethylamino)-2,7-dimethoxynaphthalene
to hydroxide ion in 35% (v/v) Me,SO-H,0 occurs in the millisecond range (kou- 110dm?3 mol~1 s~') but
for 1,8-bis(diethylamino)-2,7-dimethoxynaphthalene the reaction is extremely slow with half-lives in
the range of minutes in 50% (v/v) Me,SO—-H,0 (kou- 0.18 dm3 mol~? s~1). The steady increase in the
rate coefficient for proton transfer from protonated 1,8-bis(diethylamino)-2,7-dimethoxynaphthalene to
hydroxide ion over the solvent range 50—90% (v/v) Me,SO-H,0 is due to a weakening of the intramol-
ecular hydrogen bond in the protonated amine.

In this paper the unusual acid-base properties of 1,8-bis(di-
methylamino)-2,7-dimethoxynaphthalene (3) and 1,8-bis-
(diethylamino)-2,7-dimethoxynaphthalene (4) are described.
Our initial studies with these amines have been published !
and we now present a full report of kinetic and equilibrium
measurements of the acid-base reactions between the proton-
ated amines and hydroxide ion in a wide range of Me,SO-
H,0 mixtures.

In previous work with diaminonaphthalenes, 1,8-bis(di-
methylamino)naphthalene (1) was found 3 to be an extremely
strong base (pK, 12.1) and unusually low rates of proton
transfer from the protonated amine to hydroxide ion in
aqueous solution,® in dioxane-water,® and in Me,SO-H,0*
were observed. It was further shown 3-4 that for 1,8-bis(di-
ethylamino)naphthalene (2), basicity is increased and the rate
of ionisation of the protonated amine is reduced. The C,
structure of 1,8-bis(dimethylamino)naphthalene minimises the
strain resulting from the lone pair and steric interactions of the
dimethylamino-groups.’ In the protonated amine, strain is
much reduced because the proton is located in an intra-
molecular hydrogen bond between the amino-groups which
are in a C,, conformation.® The high pK, of the amine may be
explained by the presence of the intramolecular hydrogen
bond in the protonated amine and by the relief of strain which
occurs on protonation. The low rate of ionisation of the
protonated amine is partly due to the strong intramolecular
hydrogen bond which must be broken if proton transfer
occurs and partly due to steric hindrance in the transition
state for proton removal. In 1,8-bis(dimethylamino)naph-
thalene there isa strong interaction between the methyl groups
and the hydrogen atoms at positions 2 and 7 in the naphthalene
ring. It would therefore be expected that introduction of
substituents at these positions would increase this interaction
and force the molecule into a structure closer to C,, with the
lone pairs almost facing. In this case the amine would be more
strained and protonation would be even more favourable than
for 1,8-bis(dimethylamino)naphthalene. With this in mind,
studies of (3) and (4) were carried out.”

Experimental and Results
Basicity in Me,SO-H,O Mixtures.—The protonation of
1,8-bis(dimethylamino)naphthalene (1) (pK, 12.1) was studied

R,;N  NR,
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(3) X = OMe, R =Me
(4) X = OMe, R=Et

X

in aqueous solution.?* However, for 1,8-bis(dimethylamino)-
2,7-dimethoxynaphthalene (3) and 1,8-bis(diethylamino)-2,7-
dimethoxynaphthalene (4) this was not possible because these
amines are stronger bases and only slight dissociation of the
protonated forms occurs in concentrated sodium hydroxide
solutions. To overcome this problem the acid-base equilibrium
in equation (1) involving (3) and (4) was studied in Me,SO-
H,0 mixtures containing sodium hydroxide. These mixtures
are much more basic than an aqueous solution containing the
same concentration of sodium hydroxide.® An additional
advantage is that the amines are more soluble in the mixed
solvent.

Observations of equilibrium (1) for (3) and (4) were made
spectrophotometrically at 350 nm where the free amines
absorb strongly. The amines were present at concentrations of
ca. 1.0 x 10™* mol dm™ and cells with 4 cm optical path
length were used. In a typical experiment in 60%; (v/v) Me,SO-
H,O at 20.1°C with 1,8-bis(diethylamino)-2,7-dimethoxy-
naphthalene, the absorbance at 350 nm was measured in the
presence of various concentrations of sodium hydroxide in the
range 0.002—0.04 mol dm™. The ionic strength was kept
constant at 0.10 mol dm™ by the addition of potassium
chloride. An equilibrium constant for reaction (1), K =
[amine)/[amine H*]J[OH ~], was calculated from the measured
absorbance at each hydroxide ion concentration and the
average K = 116 + 13 mol dm™ was taken. The results for
experiments with  1,8-bis(dimethylamino)-2,7-dimethoxy-
naphthalene in 60% (v/v) Me,SO-H,O and for 1,8-bis(di-
ethylamino)-2,7-dimethoxynaphthalene in 45, 50, 60, and 70%,
(v/v) Me,SO-H,0 are given in the second column of Table 1.
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Table 1. Acid-base properties of 1,8-bis(dimethylamino)-2,7-dimethoxynaphthalene (3) and 1,8-bis(diethylamino)-2,7-dimethoxynaphthalene

(4) in Me,SO-H,0O mixtures

£H-
R,N% "NR, . R;N  NR,
MeO I I OMe , oy- CL MeO OMe 4 H,0
Hio OO

K = kou-/ku,0[H,0]; ionic strength 0.1 mol dm™3, temperature 20.1 °C

R = Me (3) K/dm® mol™ kon—/dm? mol™ 5! ko [H,0]/s7 kon-ku,o[H:0]
60% (v/v) Me,SO-H,0 252 + 40 440 4 50 1.6 4 0.3 273 + 100
R = Et (4)
45% (v/v) Me,SO-H,0 1.8 + 0.1
50% (v/v) Me,SO-H,0 8+3 0.18 -+ 0.04 0.014 + 0.002 13 +4
60% (v/v) Me,SO-H,0 116 + 13 33+04 0.030 + 0.003 110 + 30
70% (v/v) Me,SO-H,0 3000 + 1000 104 4+ 0.8 0.003 4- 0.001 *
80% (v/v) Me,SO-H,0 >20 000 45 45
90%, (v/v) Me,SO-H,O >20 000 ca. 250
“ Calculated as ku,o[H,0] = kon-/K.
Table 2. Comparison of acid-base properties in 35% (v/v) Me,SO-H,0 at 25.0 °C
BH* + OH- =—=_» B } H,0
Ky0lH;0] :
K = [B]/[BH*][OH"]
B Solvent K/dm® mol™ pk,* kon—-/dm® mol ™! st ku,o[H,0)/s™*
1) H,0°® 52 4+ 14 12.1 1.9+ 04 x 10° 3900 -+ 500
1) 35% (v/v) Me,SO-H,0 ° 4100 + 500 12.1 4+ 1 x 10° 90 + 10
3) 35% (v/v) Me,SO-H,0 © 0.4 4+ 0.1 16.1¢ 110 + 30 270 4 30
(@) 35% (v/v) Me;SO-H,0 ° 0.26 + 0.1 16.34

% The pK, value for 1,8-bis(dimethylamino)naphthalene (1) was determined * in aqueous solution at ionic strength 0.1 mol dm™. The pX,
values for 1,8-bis(dimethylamino)-2,7-dimethoxynaphthalene (3) and 1,8-bis(diethylamino)-2,7-dimethoxynaphthalene (4) refer to aqueous
solution at ionic strength 0.1 mol dm™. ? Results for (1) in aqueous solution are taken from ref. 3 and refer to ionic strength 0.1 mol
dm™, © Values of X, kou-, and ku,o[H,O] determined in the present work at ionic strength 0.4 mol dm™. ¢ These values differ by 0.2

pK units from previously quoted results, see footnote *.

For 1,8-bis(diethylamino)-2,7-dimethoxynaphthalene in 80%;
and 90% (v/v) Me,SO-H;O the hydroxide ion concentrations
necessary to bring about dissociation of the protonated amine
were very low so that accurate measurements were not
possible and the values for K given in these mixtures are
estimated lower limits.

A comparison of the basicities of (1), (3), and (4) was
obtained from equilibrium measurements with each amine in
35% (v/v) Me,SO-H,O at 25.0 °C and ionic strength 0.40 mol
dm™. In solvent mixtures containing less than 35% (v/v)
Me,SO, the concentrations of sodium hydroxide necessary to
generate (3) and (4) from their protonated forms were too high
to permit measurements. For 1,8-bis(diethylamino)-2,7-
dimethoxynaphthalene in 35% (v/v) Me,SO-H,O the amine
is half-protonated even iu the presence of 4 mol dm™ NaOH
and this together with the low solubility of the amine meant
that it was necessary to measure low absorbances (<<0.2) in
optical cells with 10 cm path length in order to study the acid-

base equilibrium in this solvent. For 1,8-bis(dimethylamino)-
naphthalene, very low concentrations of sodium hydroxide
are needed to bring about ionisation of the protonated amine
in 35% (v/v) Me,SO-H;0. The values of the equilibrium
constants for reaction (1) involving (1), (3), and (4) in 35%
(v/v) Me,SO-H,0 are given in Table 2. From these results
and the value pK, = 12.1 determined ? for (1) in aqueous
solution it is possible to estimate pK, values referring to
aqueous solution for (3) and (4) by assuming that the change
in solvent from aqueous solution to 35% (v/v) Me,SO-H,0O
has the same effect on K for (1), (3), and (4). The calculated
pK. values at 25.0 °C and ionic strength 0.10 mol dm™ are
given in Table 2.

Rates of Proton Transfer for 1,8-Bis(dimethylamino)-2,7-
dimethoxynaphthalene.—The kinetics of equilibrium (2) were
studied by the temperature-jump method in 60% (v/v)
Me,SO-H,0 at 15.0 and 20.1 °C. The equilibrium was
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Rate coefficients for proton transfer in 60% (v/v) Me,SO-H,O
containing hydroxide ion: @, 1,8-bis(dimethylamino)-2,7-
dimethoxynaphthalene at 15.0 °C, ordinate t!/s!; O, 1,8-bis-
(diethylamino)-2,7-dimethoxynaphthalene at 20.1 °C, ordinate
102 kobs./s—1

disturbed in favour of products by a rapid temperature jump
of 3.5 °C which was brought about using a 30 kV discharge
from a 0.01 pF capacitor. The reaction solution was thermo-
statted 3.5 °C below the required reaction temperature and
contained sodium hydroxide (0.001—0.02 mol dm™) and
1,8-bis(dimethylamino)-2,7-dimethoxynaphthalene (ca. 2 X
10 mol dm™) at a total ionic strength of 0.1 mol dm™. The
increase in concentration of the free amine as a result of the
temperature jump was followed spectrophotometrically at
350 nm. The relaxation times were measured at different
concentrations of sodium hydroxide and the results at 15.0 °C
are shown in the Figure. For equilibrium (2) with hydroxide
ion present in excess, the dependence of reciprocal relaxation
time on hydroxide ion concentration is given by equation (3)

1! = kon-[OH™] + ku,o[H:0) (3)

At 15 °Cthe values kou- 380 4 50 dm® mol™ s™" and ky,o[H;O]
1.4 4+ 0.2 s7! were obtained from the linear plot of 17! against
[OH-] and at 20.1 °C the results were kou- 440 + 50 dm?
mol™ s and kn,0o[H:0] 1.6 & 0.3 s7'. At each temperature
the value of the ratio kou-/kn,0[H:O)] obtained from the
kinetic experiments was in good agreement with the value of
the equilibrium constant for reaction (2) determined from
spectrophotometric equilibrium measurements.

To confirm that the observed chemical relaxations referred
to equilibrium (2), the variation of relaxation amplitude with
hydroxide ion concentration was measured. For equilibrium
(2) the displacement from equilibrium following a temperature
jump will be largest when equal concentrations of the amine
and the protonated form are present. At 20.1 °C, half-

H.
Et,N% “NE,
MeO OMe + OH™

——
——————————
OO k“lo
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dissociation of the protonated amine occurs at [OH™]
0.0040 + 0.0006 mol dm™ and this result is in agreement with
the observation of a maximum in the relaxation amplitude at
[OH"] 0.004 + 0.001 mol dm™.

A comparison between the rates of proton transfer for 1,8-
bis(dimethylamino)-2,7-dimethoxynaphthalene and 1,8-bis-
(dimethylamino)naphthalene was obtained from temperature-
jump studies of both amines in 35% (v/v) Me,SO-H,0 at
25.0 °C and ionic strength 0.40 mol dm™. To observe a
chemical relaxation for 1,8-bis(dimethylamino)naphthalene in
this solvent it was necessary to use very low concentrations of
sodium hydroxide (0.0005—0.001 mol dm™). From the
observed linear dependence of t™* on hydroxide ion concentra-
tion over this range an approximate value kou- 4 + 1 x 10°
dm3 mol™ s was obtained. To observe a chemical relaxation
for 1,8-bis(dimethylamino)-2,7-dimethoxynaphthalene in this
solvent extremely high hydroxide ion concentrations were
needed, in the range 0.2-—0.4 mol dm™. Even in this range the
first term in equation (3) makes a small contribution and the
reciprocal relaxation time was found to have a constant value
of 270 + 30 s™* which corresponds to ku,o[H,O]. The result
kou- 110 4+ 30 dm?® mol™ s7! was calculated for 1,8-bis(di-
methylamino)-2,7-dimethoxynaphthalene in 35% (v/v) Me,SO-
H,O by combining the measured value of ku,o[H,O] with the
value of the equilibrium constant. The kinetic and equilibrium
results for amines (1), (3), and (4) in 35%, (v/v) Me,SO-H,0
are collected in Table 2.

NMez
MeO

Rates of Proton Transfer for 1,8-Bis(diethylamino)-2,7-
dimethoxynaphthalene—Reaction (4) involving 1,8-bis(di-
ethylamino)-2,7-dimethoxynaphthalene was sufficiently slow
that kinetic measurements were made with a conventional
u.v. spectrophotometer. The reaction was studied at 20.1 °C
in 50, 60, 70, 80, and 90% (v/v) Me,SO-H,0 with a concentra-
tion of 1,8-bis(diethylamino)-2,7-dimethoxynaphthalene of
8 x 107 mol dm™ in the presence of various concentrations
of sodium hydroxide. The ionic strength was kept constant at
0.10 mol dm™ by addition of potassium chloride except in
90%; (v/v) Me,SO-H,0 for which the ionic strength was
maintained at 0.08 mol dm™ because of the lower solubility of
potassium chloride in this solvent mixture. The kinetics were
studied by observing the slow increase in absorbance at
350 nm which accompanied formation of the free amine when
0.01 ml of a concentrated solution of sodium hydroxide was
introduced into an optical cell with 4 cm path length contain-
ing 10 ml of a solution of protonated 1,8-bis(diethylamino)-
2,7-dimethoxynaphthalene in Me,SO-H,O. Proton transfer
took minutes to reach equilibrium. Experinrents were also
carried out in which the equilibrium was disturbed in the
opposite direction by diluting an equilibrium mixture of the
amine and protonated form containing sodium hydroxide. A
slow decrease in absorbance at 350 nm was then observed.
However this procedure was less convenient experimentally
and few measurements were made in this way.

Et,N  NEt,
MeO OMe + H,0 (4)
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(5) (6)

The first-order approach to equilibrium for both experi-
mental procedures is given by equation (5) in which [B]
represents the concentration of the basic form of 1,8-bis(di-
ethylamino)-2,7-dimethoxynaphthalene present at time ¢
during reaction and [B]. is the concentration when equilibrium
is reached. The first-order rate coefficient (keps.) for the
approach to equilibrium was calculated as the gradient of the

]n[B]e - ln([B]e - [B]) = kobs.t (5)
Kovs. = kn,o[H20] 4+ kou-[OH™] )

linear plot of In(4, — A) against time where A, is the absorb-
ance reading at 350 nm after equilibrium is reached and A4 is
the absorbance at time intervals during the reaction. The
dependence of ks, on hydroxide ion concentration in 60%
(v/v) Me,SO-H,0 is shown in the Figure and in this solvent
the half-lives of the proton transfer are in the range 8—23 s.
In 70% (v/v) Me,SO-H,0 the reactions occurred with half-
lives between 0.5 and 2 min. In each solvent mixture, plots of
kops. against hydroxide ion concentration were used to deter-
mine values for kou- and ku,0[H,O] and the results are given
in Table 1. The values of the ratios kon-/ku,0[H,O] were
compatible within experimental error with the value of the
equilibrium constant determined separately from equilibrium
measurements.

Discussion

The results in Table 2 show that the amines studied in this
work are very strong bases. 1,8-Bis(diethylamino)-2,7-
dimethoxynaphthalene with a pK, value of ca. 16.3 * is
10—11 units more basic than expected for an aromatic
amine. Indeed this amine is the strongest uncharged base
whose acid-base equilibrium has been directly observed.
Studies ® have shown that the cryptand (5) has a much higher
pK., >17.8, but the acid-base equilibrium could not be
observed directly. It is thought °-° that 1,6-diazabicyclo[4.4.4]-
tetradecane (6) is even more basic although, again, direct
studies of protonation-deprotonation could not be made.
There is considerable interest in the development of strong
bases for use in organic synthesis. Besides (5) and (6) the
strongest uncharged bases which are known include 2-t-
butyl-1,1,3,3-tetramethylguanidine '* (7) (pK, ca. 14), 1,5-
diazabicyclo[4.3.0]non-5-ene (8) (pK, ca. 13.5''?) and the
hexamethyl-2,10-diazabicyclo[4.4.0]dec-1-ene ¥ (9) which is
more basic than the pentamethylpiperidine (10) (pK, 11.25 '4).
It remains to be seen whether the slow proton transfer
behaviour observed for the alkylaminonaphthalenes will limit
their usefulness in organic synthesis.

The exceptionally high basicity of the alkylaminonaph-
thalenes results from stabilisation of the protonated amines
by an intramolecular hydrogen bond and from destabilisation
of the free amine by strain. Comparison of the data in Table 2

* For (3) and (4) pK, values of 16.3 and 16.5 respectively were
previously quoted.! These results were based on a pK, value for
(1) - “ 12.3 ? instead of the value pK, 12.1 * used here.
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for 1,8-bis(dimethylamino)naphthalene and 1,8-bis(dimethyl-
amino)-2,7-dimethoxynaphthalene in 35% (v/v) Me,SO-H,O
shows that methoxy-substituents increase the basicity of the
amine by a factor of ca. 10*. The effect of methoxy-sub-
stituents on the basicity of aniline is small and brings about a
change in pK, of less than one unit.!* The two-fold difference
in basicity between 1,8-bis(dimethylamino)-2,7-dimethoxy-
naphthalene and 1,8-bis(diethylamino)-2,7-dimethoxynaph-
thalene in 35% (v/v) Me,SO-H,O indicates that replacing
methyl by ethyl groups has only a modest effect. A similar
difference in basicity of the two amines is found in 60%; (v/v)
Me,SO-H,0, although in this solvent the actual values of the
equilibrium constants for equilibrium between the protonated
amines and hydroxide ion are 500-fold higher than in 35%;
(v/v) Me,SO-H,0. The change in equilibrium constant with
solvent composition arises mostly because of the enhanced
basicity of hydroxide ion in Me,SO-H,0O solvent mixtures
containing a greater proportion of Me,SO. This effect is
well known.?

Perhaps the kinetic behaviour of these amines is even more
surprising than their unusual basicity. The deprotonation of
protonated 1,8-bis(diethylamino)-2,7-dimethoxynaphthalene
by hydroxide ion occurs with half-lives in the range of minutes.
For example in 70%, (v/v) Me,SO-H,0 in the presence of
sodium hydroxide (0.001 45 mol dm™) the half-life for
ionisation of the protonated amine is 54 s. This is a remarkable
observation for thermodynamically favourable proton removal
by hydroxide ion from a relatively simple ammonium ion.
Apart from proton transfer involving the cryptand (5) the
reactions studied here are the slowest proton transfers which
have been observed between hydroxide ion and an ammonium
ion. Deprotonation of the inside-protonated form of (5) is too
slow to be directly measurable but the estimated ° value for the
rate coefficient is much lower than the values obtained for the
alkylaminonaphthalenes. The acid-base site in (6) is even
more hindered and formation of the inside protonated
ammonium ion does not take place by simple proton transfer
even under the most severe conditions.'®

The kinetic effects which have been observed for the
alkylaminonaphthalenes can be explained by the presence of
a strong intramolecular hydrogen bond in the protonated
amines which must open prior to proton transfer, to give a
low concentration of a non-hydrogen-bonded form from
which the proton is removed.'® In addition it is necessary to
propose that attack by hydroxide ion on the open ammonium
ion is sterically hindered. The results in Tables 1 and 2 show
that the introduction of 2- and 7-methoxy-substituents into
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1,8-bis(dimethylamino)naphthalene reduces the rate of
hydroxide-ion-catalysed ionisation of the protonated amine by
a factor of 4 000 and the equilibrium constant for the reaction
is reduced by a factor of 10000. The results for 1,8-bis(di-
methylamino)-2,7-dimethoxynaphthalene and 1,8-bis(diethyl-
amino)-2,7-dimethoxynaphthalene in 60% (v/v) Me,SO-H,0
show that replacement of N-methyl by N-ethyl substituents
reduces the rate 100-fold and the equilibrium constant by a
factor of 2. This effect is similar to the results obtained in
30% (v/v) Me,SO-H,O for 1,8-bis(dimethylamino)naph-
thalene and 1,8-bis(diethylamino)naphthalene for which the
rate coefficients differ 40-fold and the equilibrium constants
seven-fold.* In all cases, proton transfer from the protonated
amines to hydroxide ion is thermodynamically favourable and
for most amines under these conditions the rate coefficients
would have the diffusion-limited value of ca. 1 x 10°® dm?
mol™? s, For 1,8-bis(diethylamino)-2,7-dimethoxynaph-
thalene the rate coefficient in 50% (v/v) Me,SO-H,0 is 11
orders of magnitude below this value. The effect of 2- and 7-
methoxy-substituents in reducing the rate coefficient for
proton removal from the protonated amines and increasing the
basicity of the amines is best explained by an increase in
crowding in the molecules which stabilises the hydrogen-
bonded form of the protonated amine relative to the open
form and this has a roughly similar effect on the acidity of the
protonated amine (or basicity of the amine) and on the rate
coefficient for proton removal. The larger effect of replacing
methyl by ethyl groups on the rate coefficient for proton
removal than on the equilibrium constant is best explained
as being due to steric hindrance to the attack of hydroxide ion
on the open form of the protonated amines.

The effect of increasing Me,SO content on the values of the
rate coefficients for proton transfer from the protonated
amines implies that if 1,8-bis(diethylamino)-2,7-dimethoxy-
naphthalene could have been studied in aqueous solution,
even lower rates of proton transfer would have been observed.
The value of kou- for 1,8-bis(dimethylamino)naphthalene is
ca. two-fold higher in 35%; (v/v) Me,SO-H,O than in aqueous
solution and for 1,8-bis(dimethylamino)-2,7-dimethoxynaph-
thalene koy- increases about four-fold from 35 to 60% (v/v)
Me,SO-H,0. For 1,8bis-(diethylamino)-2,7-dimethoxy-
naphthalene, kou- is 1 000-fold higher in 90% (v/v) Me,SO-
H,O than in 50% (v/v) Me,SO-H,0. For most protonated
amines for which ionisation is diffusion limited the value of
kon- would vary slightly with solvent composition as a result
of the small variation in viscosity of Me,SO-H,O mixtures
with solvent composition.!” The variation in the value of
kou- observed here is much larger. The effects of solvent
composition on the rates of other proton transfers in Me,SO-
H,O mixtures have been investigated !* but no consistent
picture emerges. In the present work the increase in rate
coefficient which accompanies an increase in the fraction of
Me,SO could be due to a solvent effect on the stability of the
open form of the protonated amine. It is known® that
Me,SO is a better hydrogen-bond acceptor than H,O.

1899

Therefore in solvent mixtures richer in Me,SO, the non-
hydrogen-bonded form will be stabilised relative to the
intramolecularly hydrogen-bonded form. Since proton trans-
fer occurs through a low concentration of the open form this
will have the effect of increasing the rate of the overall proton
transfer.
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