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ABSTRACT

Monoprotonated N,N,N0-trimethyl-1,8-diaminonaphthalene demonstrates fast exchange of Hin and Hout protons, in which a counterion (BF4
� and

Br� were tested) participates. The process can be frozen below 185 K revealing a tremendous magnetic separation (up toΔδ = 11.6 ppm) of these
otherwise equal NH protons with the enzyme-like proton transfer and a ∼7 kcal mol�1 energetic barrier.

It is known that the amine basicity on going from 1,8-
diaminonaphthalene (pKa 10.99, MeCN) to its N,N,N0-
trimethyl derivative (pKa 12.91) slightly increases due to
theþI-effect of the growing number ofN-methyl groups.1

However, after the introduction of the fourth methyl
group, the basicity of 1,8-bis(dimethylamino)naphthalene
(1, proton sponge) jumpsupbyalmostmillion times reaching

pKa 18.62 in MeCN1,2 or 12.1 in H2O.3 A traditional
explanation of this phenomenon is that in 1 a strong
repulsion between peri-NMe2 groups exists and, there-
fore, an enormous free energy gain takes place on proto-
nation owing to a strain relief and the formation of a short
and strong intramolecular hydrogen bridge (IHB) in
cation 1H

þ.3,4 Surprisingly, that until now only a few
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investigations1,5 have been done for the lesser methylated
analogs of 1, e.g. 3 (Scheme 1). Meanwhile, understand-
ing the proton transfer in protonated 3might help to solve
a puzzle of the fourth CH3 group in this series. Here we
report for the first time on hydrogen transfer in cation
3Hþ at different temperatures and anions, includ-
ing hydrogen bonding characteristics: geometry, unusual
stereodynamics and energy.

Normally, for compound 1 and a vast majority of its
derivatives the conformation 1(in,in) is typical, in which
the methyl groups are turned outside and the axes of the
nitrogen free electron pairs point inside of the inter-
nitrogen space.6 Hence, the only mode of protonation�
deprotonation is through the cleft between the amino
groups (Scheme 1a, structure 2). The X-ray studies of
1 3HBF4 and 1 3HF, chosen as examples, clearly exhibit
that this is indeed the case (Supporting Information (SI),
Figure S1). From this one can conclude, that the pKa

values of 1 and its derivatives with the in,in-conformation
are actually attributed to the inside protonation.
The starting amine 3 and its derivatives have a weak

intramolecular N�H...N hydrogen bonding.1,5,7 In the
present work we have managed to grow single crystals of
salts 3 3HBF4 and 3 3HBr and for the first time performed

X-ray measurements on protonated diamine 3 (Figure 1).
It was disclosed that similar to cation 1Hþ,7,8 the IHB is
also realized in 3Hþ and, moreover, the both demonstrate
a surprising geometrical similarity (Table 1). At the same
time, remarkable differences arise when a counterion is
brought into consideration. The most important is the
location of a counterion relative to the bridge NH proton.
While in 1H

þ the BF4
� anion ’overhangs’ the internal NH

proton (SI, Figure S1a), in 3Hþ it is located outside from
the lateral NHhydrogen at 1.92 Å (Figure 1a). The same is
true for bromide 3 3HBr except the larger distance (2.42 Å)
between Br� and the out-NH proton. Apparently, this is
caused by the simultaneous long-range interaction (3.53 Å)
of the bromide ion with the in-NH proton of the nearby
cation (see Figure 1b) diffusing the electrostatic potential
of Br�.

Importantly, as it follows from the F...H(N) dis-
tance (1.92 Å in 3 3HBF4 against 2.91 Å in 1 3HBF4), the

Scheme 1. Inside (a) and Outside (b) Modes for the Protona-
tion�Deprotonation of Compounds 1 and 3; Rotational Ex-
change of Ha (in) and Hb (out) Protons in 3 Is Also Shown

Table 1. Selected Structural Characteristics ofMonoprotonated
peri-Diamines 1 and 3

bond lengths and distances (Å)

salt N...N N�Hin Hin...N F(Br)...Ha —NHN (deg)

1 3HBF4
b 2.564 1.31 1.30 2.91 159

1 3HBrc 2.554 1.31 1.31 3.69 153

1 3HFd 2.578 1.25 1.47 2.76 142

3 3HBF4
e 2.546 1.31f 1.33 1.92 150

3 3HBre 2.582 0.88f 1.76 2.42 154

aDistance between the NH proton (Hin for 1, Hout for 3) and the
nearest atom of the counteranion. bReference 9a. cDihydrate, ref 9b.
d ref 9c. eThis work. f 0.88 Å for the N�Hout bond.

Figure 1. Incipient deprotonation and IHBmotifs in protonated
base 3 as realized by low temperature X-ray structures showing
close interaction (Å) between (a) the out-NH proton and tetra-
fluoroborate and (b) both the out-NH and the in-NH protons
and bromide counterions (see text and Table 1 for details).
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anion�NH interaction in 3 3HBF4 is much stronger than
that in 1 3HBF4. Obviously, in solution this should cause
an easier deprotonation of 3Hþ and a rapid interchange of
the inside (Ha) and outside (Hb) protons (Scheme 1).
Indeed, both NH protons in the 1H NMR spectra of
3Hþ give a rather sharp two-proton singlet, which reso-
nates in different solvents (CD3CN, CDCl3, CD2Cl2,
DMSO-d6) at δ ∼12.5 ppm and is little sensitive to
such low coordinating anions as BF4

�, I� or ClO4
�. In

contrast, more basic anions (e.g., Br�) increase δNH up to
13.8 ppm.10

The low-temperature 1H NMR behavior of 3Hþ was
intriguing. Down to�35 �C, the position and shape of the
common NH signal of 3 3HBF4 dissolved in CD3CN
undergo no change, while in CD2Cl2 its broadening occurs
already at �30 �C reaching Δδ 6 ppm at �85 �C. To get
lower temperatures, we used the CD2Cl2�CDCl3�CCl4
(v/v/v 60:27:13) system, in which a Tc �93 �C was regis-
tered with the hydrogen exchange barrierΔG#= 6.9( 0.2
kcal mol�1.11 A clear separation of the Ha(in) and Hb(out)
peaks (18.5 and 6.9 ppm)12 was observed at �105 �C
(Figure 2). The chemical shift difference for these protons

attainsΔδ=11.6 ppm! To our knowledge, this is a record
value not only for an ammonium but also for any other
geminal hydrogen atoms.13

In principle, two mechanisms for the inside/outside
exchange of hydrogens in 3 3HBF4 and 3 3HBr seem pos-
sible: (1) libration of the þNH2Me group within ∼120�
(rotational exchange, Scheme 1b) and (2) deprotonation�
protonation (Scheme 2). The second mechanism includes
abstraction by a base (counterion) of the out-proton with
the following fission of IHB in the thus formed diamine 3.
Such disruption should result in the pyramidalization of
the otherwise nearly planar8 NHMe group and its re-
stricted rotation.14 During this rotation15 the different
conformations, e.g. 30, arise allowing their reprotonation
with the hydrogen exchange: 30 f 3Hþ(d) f 3Hþ(c).
Remarkably, unlike 1Hþ (Scheme 1a), the deprotonation
of 3Hþ(a) or the protonation of 3 are not hindered by the
fourth CH3 group and, therefore, can proceed from the
outside. Summing up all the ‘pros and cons’ we prefer the
librationmechanismas extremely simple and requiring low
energy consumption (∼7 kcal mol�1 in solution).16

Another interesting point is that the both mechanisms
should differently respond to the counterion nature.While
the libration seemingly proceeds without assistance of an
anion, participation of the latter is definitely necessary for
the second mechanism. Therefore, we next studied the

Figure 2. Proton NMR evolution of the NH signals in 3 3HBF4

(in CD2Cl2�CDCl3�CCl4). For convenience, the spectrum at
�105 �C is fitted by a theoretical line (in red, with an offset in
intensity) showing the positions of strongly separated NH2

protons.

Scheme 2. Alternative Deprotonation�Protonation Mechan-
ism of Hydrogen Exchange in Cation 3Hþ
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dynamic 1H NMR spectra of 3 3HBr. We reasoned that
since the basicity of Br� is much higher17 if compared with
that of BF4

� one can expect minor spectral and thermo-
dynamic differences between both salts if the libration
mechanism prevails and vice versa.
In the 1H NMR spectrum of 3 3HBr between �30� and

30 �C (SI, Figure S4), a two-proton singlet of the NH
hydrogens is observed at δ 13.8 ppm evidencing their fast
exchange as in the case for 3 3HBF4. The exchange is slowed
down below�30 �C (peak widthΔδ=3.5 ppm at�60 �C)
with theappearanceof the twoone-proton signals at�90 �C
(Figure S4). The separation of the outside and inside
protons in 3 3HBr (Δδ = 6.0 ppm at �120 �C),18 which is
2-fold less than that in 3 3HBF4, gave the exchange barrier
ΔG# = 7.5 ( 0.2 kcal mol�1 for Tc being near �87 �C.
Thus, the more basic bromide anion hampers hydrogen

exchange in cation 3Hþ increasing the energetic barrier by
∼9%. A possible reason may be the above-mentioned
(Figure 1b) bifurcation of Br� with both Hin and Hout

protons in 3Hþ (structure 3Hþ(b), Scheme 1b); clearly, the
libration motion of the �N(Me)H2Br group should occur
withmore difficulty.19 In solution, the bifurcation is seen via
lesser chemical shiftingof theNMe2group in3 3HBr (2.98vs
3.08 ppm for 3 3HBF4) and larger deshielding of the H-7
proton (7.96 vs 7.80 ppm for 3 3HBF4). All this indicates
that the Hin in 3 3HBr is shifted more toward the NHMe
rather than to the NMe2 if compared with 3 3HBF4

(cf. X-ray data, Figure 1 and Table 1).20

The chiralityof cation3Hþ in the frozenstate is alsonote-
worthy. This follows from the solution 1H NMR data of
the NMe region (SI, Figure S5): below �100 �C all three
methyls become nonequivalent. Moreover, at temperatures 0
to�30 �CtheCH3signalof the

þNH2Megroupatδ3.18ppm
is split into a triplet (3JNH,NMe= 5.3Hz) by scalar coupling21

with dynamically and magnetically equivalent Hin and Hout

protons.Hence, their exchangeoccurs alongan intramolecular
pathway consistent with the libration mechanism.
The key dynamic processes were simulated theoretically

by DFT calculations. First, we have found that the bridge
proton in 3H

þ in the gas phase is preferably located at the
NMe2 group [tautomer 3Hþ(A)] however the barrier of its

transfer to the NHMe counterpart [structure 3Hþ(B)] is
only 2.74 kcal/mol (Figure S6 in the SI). Such a small value
should allow easy transfer of the NHproton to the NHMe
function with its subsequent movement outside, result-
ing in the þNH2Me group libration (two-mode proton
motion). This view of the inside�outside proton exchange
means that a limiting stage of the whole process should be
the [N�H...N]þ IHB fission.22

The calculations of the rotational energy in tautomer
3Hþ(B) gaveagasphasebarrierof 9.75kcal/mol (FigureS7).
A small difference (∼2.5 kcal mol�1) from the experi-
mental data can be explained by solvation factors.
The data obtained are the most vivid illustration of the

proton sponge phenomenon. The absence of at least one
N-methyl group in 1offers enough space for the bridgeNH
proton in cation 3H

þ to escape outside, while in 1Hþ the
proton is hidden in a tight hydrophobic pocket. Although
this idea is not considered as absolutely new,23 in the
present work it is shown for the first time how effectively
this pocket functions. The situation is analogous to caged
polyamines such as 1,6-diazabicyclo[4.4.4]-tetradecane,24

in which the proton encapsulation is so strong that it
cannot be extracted from the inside by ordinary means.
In summary, solution and solid state studies of proto-

nated N,N,N0-trimethyl-1,8-diaminonaphthalene for the
first time have very clearly explained the tremendous dis-
crepancy in basicities of the proton sponge and its de-
methylated analogs via differences in their (de)protonation
modes. Unlike 1, the cations of lesser methylated diamines
can undergo outside (de)protonation. The subsequent
libration enables easy exchange of the inside and out-
side NH protons and requires only 7�8 kcal mol�1.
The exchange can be frozen leading to a discovery of the
unprecedented separation (>11 ppm) of geminal protons.
We believe that salts 3Hþ

X
� can be considered as molecular

devices for modeling the proton transfer enzymes, for exam-
ple, such as serine proteases which act as a proton shuttle
through “catalytic triads”.21,25 It is remarkable that, similar
tonatural enzymes, these canbe regulatedbyexternal factors,
particularly by temperature and counterion changes.26
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