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Abstract: The properties of the intramolecular hydrogen bonds of doubly
15
N-labeled protonated sponges of the
1,8-bis(dimethylamino)naphthalene
(DMANH + ) type have been studied as
a function of the solvent, counteranion,
and temperature using low-temperature NMR spectroscopy. Information
about the hydrogen-bond symmetries
was obtained by the analysis of the
chemical shifts dH and dN and the
scalar coupling constants JACHTUNGRE(N,N), JACHTUNGRE(N,H), JACHTUNGRE(H,N) of the 15NH15N hydrogen
bonds. Whereas the individual couplings JACHTUNGRE(N,H) and JACHTUNGRE(H,N) were averaged by a fast intramolecular proton
tautomerism between two forms, it is
shown that the sum j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j
generally represents a measure of the

hydrogen-bond strength in a similar
way to dH and JACHTUNGRE(N,N). The NMR spectroscopic parameters of DMANH +
and of 4-nitro-DMANH + are independent of the anion in the case of
CD3CN, which indicates ion-pair dissociation in this solvent. By contrast,
studies using CD2Cl2, [D8]toluene as
well as the freon mixture CDF3/
CDF2Cl, which is liquid down to 100 K,
revealed an influence of temperature
and of the counteranions. Whereas a
small counteranion such as trifluoroaKeywords: counterion interactions ·
coupling constants · hydrogen
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effects
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cetate perturbed the hydrogen bond,
the large noncoordinating anion
tetrakisACHTUNGRE[3,5-bis(trifluoromethyl)phenyl]borate BACHTUNGRE[{C6H3ACHTUNGRE(CF3)2}4] (BARF),
which exhibits a delocalized charge,
made the hydrogen bond more symmetric. Lowering the temperature led
to a similar symmetrization, an effect
that is discussed in terms of solvent ordering at low temperature and differential solvent order/disorder at high
temperatures. By contrast, toluene
molecules that are ordered around the
cation led to typical high-field shifts of
the hydrogen-bonded proton as well as
of those bound to carbon, an effect
that is absent in the case of neutral
NHN chelates.
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Institute of Physical Chemistry, Polish Academy of Sciences
Kasprzaka 44/52, 01-224 Warsaw (Poland)
Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200902259. It includes a) syntheses of 1-chlorobenzotriazole and 2-chloro-1,3,5-trinitrobenzene
(picryl chloride); b) spectra of 10 H + in different solvents; c) tables of
1
H chemical shifts and coupling constants of 1, 10, and 10 H + ; d) indirect determination of coupling constants JACHTUNGRE(N,N) of NHN hydrogen
bonds that are symmetric or that are subject to a degenerate proton
tautomerism; and e) a theoretical section showing that the sum of coupling constants j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j of NHN hydrogen bonds are to a
good approximation independent of the equilibrium constant of tautomerism.
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Introduction
Proton transfer in low-barrier hydrogen bonds is very important in chemistry and biology and represents a challenge for
experiment and theory.[1–5] One of the major problems lies
in how intermolecular interactions influence the properties
of hydrogen bonds. The fate of an asymmetric neutral hydrogen bond AHB in a polar solvent has been firmly established experimentally[6, 7] and theoretically.[8, 9] Whereas the
difference between the isolated and solvated hydrogen
bridge at high temperature is small because the solvent molecules are disordered, solvent ordering at low temperatures
leads to an increase of the dipole moment of the system
(Scheme 1a and b). As a result, the hydrogen atom first

Scheme 1. Scenarios for the influence of intermolecular interactions on
hydrogen-bond geometries. a) Asymmetric neutral and symmetric cationic hydrogen bridges in the gas phase. b) Gradual conversion of a neutral
hydrogen bridge into a zwitterionic hydrogen bridge induced by ordering
of a polar solvent at low temperatures.[6] c) Differential solvent ordering
around an ionic hydrogen bridge produces two rapidly interconverting
tautomers, also called solvatomers,[11] separated by a solvent barrier.
d) Enhanced symmetry breaking by additional interaction with the counterion.

shifts towards the hydrogen-bond center associated with a
decrease of the heavy-atom distance, and then forms a zwitterionic species in which the hydrogen bond becomes longer
again. By contrast, much less is known about the ionic hydrogen bonds AHA or BHB + . The current opinion is that
a symmetric ion in which the hydrogen atom is located in
the hydrogen-bond center is strongly perturbed by a polar
solvent,[10, 11] as illustrated schematically in Scheme 1c, and/
or by the counterion (Scheme 1d), which leads to a degenerate tautomerism between two forms. This is because the solvent dipoles as well as ion pairing may favor charge localization and hence proton localization near one or the other
heavy atom of the hydrogen bridge as illustrated schemati-
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cally in Scheme 1. The tautomers produced in this way will
be separated by a solvent barrier and interconvert rapidly.
They have also been named as “solvatomers”.[11] Unfortunately, it is very difficult to obtain information about these
interactions using conventional spectroscopic probes.
Therefore, we have used in this study an NMR spectroscopic tool established in the last decade to obtain novel information about the influence of solvation and counterion
interactions on cationic hydrogen bonds. It consists of measuring nuclear scalar couplings across hydrogen bonds that
contain suitable nuclei with spin 1=2 .[12–14]
After their discovery, subsequent model studies showed
that couplings across hydrogen bonds provide interesting information about their geometries in solution,[7, 15–23] in the
solid state,[24, 25] as well as in biomolecules.[26–31] In particular,
the average position of the proton in a hydrogen bond
AH···B can be determined, as JACHTUNGRE(A,B) exhibits a maximum
when the hydrogen atom is located in the hydrogen-bond
center. To develop relations between hydrogen-bond geometries and their intrinsic scalar couplings, high-level quantum
mechanical calculations have largely contributed.[32–37]
As intermolecular hydrogen bonds can be studied in solution only at low temperatures by NMR spectroscopy,[38] the
observation of scalar couplings JACHTUNGRE(N,N) across intramolecular
NHN hydrogen bonds of doubly 15N-labeled 1,8-bis(diACHTUNGREmethylamino)naphthalene (DMANH + ) at room temperature represented a considerable progress.[39] Prior to this,
protonated sponges of the DMANH + type were studied
mainly by a combination of various experimental and theoretical methods and had focused on the question of whether
or not the proton moves in a single or double well.[40–43] In
solution, such information was obtained by studying the effects of isotopic substitution on NMR spectroscopic chemical shifts.[11, 44] Other NMR spectroscopic studies of protonated 1,8-bis(dimethylamino)naphthalenes focused on the determination of the equilibrium constants of tautomerism by
analyzing the temperature dependence of the coupling constants JACHTUNGRE(N,H) and JACHTUNGRE(H,N).[45–47] The role of the solvent on
the hydrogen-bond symmetries of proton sponges was discussed by Perrin et al.[11] in a similar way as visualized in
Scheme 1c; the high basicity of DMAN was explained in
terms of strain relief upon protonation. However, the coupling constants JACHTUNGRE(N,N) of protonated sponges have not yet
been used as a model for the study of the influence of intermolecular interactions upon the hydrogen-bond symmetries.
To understand how the new tool can be used, let us discuss previous findings of JACHTUNGRE(N,N) values of systems containing intramolecular NHN hydrogen bonds, which are assembled in Scheme 2. The neutral and anionic seven- and sixmembered hydrogen chelates 1,[17] 2,[17] 2’,[18] 3,[48] and 4[49]
exhibit coupling constants JACHTUNGRE(N,N) between 8.7 and 16.5 Hz;
the positively charged six-membered “protonated proton
sponge” 1,8-bis(dimethylamino)naphthalene (DMANH + ,
5 H + ) exhibited only a value of 8.7 Hz.[39] We note that
values between 6 and 9 Hz were observed for Watson–Crick
nucleic acid base pairs and some higher values up to 10.5 Hz
of positively charged Hoogsteen base pairs.[14b] A similar
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ACHTUNGRE(amino)naphthalene (DANH + ,
7 H + ), which increased after
successive methylation of the
nitrogen atoms. The values observed were even smaller than
those of neutral DAN 7.[50]
As the values of JACHTUNGRE(N,N) are
much less influenced by the
tautomerism, we undertook
the present study in continuation of our previous work[39] on
5 H + of scalar couplings in the
systems listed in Scheme 3. For
that purpose, we synthesized
the doubly 15N-labeled isotopologues. We varied the substituents and the symmetry of the
sponges; the values of JACHTUNGRE(N,N)
of the symmetrically substituted compounds had to be determined indirectly by analysis of
the high-order NMR spectroscopic signals of 13C atoms coupled to one of the two 15N
Scheme 2. JACHTUNGRE(N,N) coupling constants in doubly 15N-labeled hydrogen chelates dissolved in organic solvents: 1:
15
[17]
2: N-phenyl-N’-(1,3,4-triazol)-6-aminopentafulvene-1N,N’-diphenyl-6-aminopentafulvene-1-aldimine- N2.
nuclei.[48, 50] Inspired by the outaldimine-15N2.[16, 17] 2’: N-phenyl-N’-(pyrrol)-6-aminopentafulvene-1-aldimine-15N2.[18] 3: bis-(2-pyridyl)-acetonicome of the experimental retrile.[48] 4: 6-nitro-2,3-dipyrrol-2-ylquinoxaline.[49] 5 H + : 1,8-bis(dimethylamino)-naphthalene-H + .[39] 6 H + : 1,6sults described in this paper,
+ [50]
[50]
+
+
7: 1,8-bisACHTUNGRE(amino)-naphthalene.
7 H : 1,8-bisACHTUNGRE(amino)-naphthalene-H
dimethyl-1,6-diazacyclodecane-H .
some of us have presented a
and corresponding analogs, which are singly, doubly and triply methyl substituted at the nitrogen atoms.[50]
computational study of coupling constants across NHN
hydrogen bonds in the gas phase.[51, 52]
value was observed for 6 H + .[50] By contrast, an abnormally
small value of 1.5 Hz was observed for protonated 1,8-bisIn particular, we focused on 5 H + and on 10 H + . For these
systems, we used larger counteranions such as CF3COO
(A) and the noncoordinating tetrakisACHTUNGRE[3,5-bis(trifluoromethyl)phenyl]borate BACHTUNGRE[{C6H3ACHTUNGRE(CF3)2}4] (BARF), which we
found to improve the solubility of these sponges in polar
solvents such as CD2Cl2 and the freon mixture CDF3/
CDF2Cl. In the case of 10 H + ACHTUNGRE[BARF] , we could even measure some spectra in the nonpolar [D8]toluene. In fact, we
observed for JACHTUNGRE(N,N) and the other NMR spectroscopic parameters a strong dependence on temperature and the
sample composition. Knowledge of such interactions is important if one wants to compare values computed for the
isolated systems with those measured in condensed phases.
In the following, we present the results of our measurements, which are then discussed.

Results
NMR spectra: The NMR parameters of all systems measured under different conditions are assembled in Table 1
and in Table S1 of the Supporting Information.
Scheme 3. Doubly 15N-labeled protonated proton sponges for which coupling constants across the intramolecular 15N···H···15N bridges are reported in this study.
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Perchlorate salts of protonated proton sponges in
[D3]acetonitrile: The 1H, 15N, and 13C{1H} NMR spectra of
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Table 1. NMR spectroscopic parameters of the intramolecular NH···N hydrogen bonds of NHN chelates and protonated proton sponges of the DMAN
type.
Compound Ref. Counterion
1
1
2
2’
3
4
5 H+
5 H+
5 H+
5 H+
5 H+
8 H+
9 H+
11 H +
12 H +
13 H +
13 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +
10 H +

[17]
[a]

[16]
[18]
[48]
[49]
[39]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]

[46]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]
[a]

[45]

–
–
–
–
–
Na + ·n DMSO
ClO4
BARF
BARF
BARF
BARF
ClO4
ClO4
ClO4
ClO4
ClO4
ClO4
TFA
ClO4
ClO4
BARF
BARF
BARF
BARF
BARF
BARF
BARF
BARF
BARF
BARF
BARF
BARF
TFA
TFA
TFA
TFA
TFA
TFA
ClO4

Solvent

T
[K]

dH
[ppm]

dNHN
[ppm]

dNHN
[ppm]

JACHTUNGRE(N,H)
[Hz]

JACHTUNGRE(H,N)
[Hz]

JACHTUNGRE(N,H) + JACHTUNGRE(H,N)
[Hz]

JACHTUNGRE(N,N)
[Hz]

CDCl3
[D8]toluene
CDCl3
CDCl3
CDCl3
CD2Cl2/[D6]DMSO
(5:1)
CD3CN
CD3CN
CD3CN
CD3CN
CD3CN
CD3CN
CD3CN
CD3CN
CD3CN
CD3CN
[D6]DMSO
CD3CN
CD3CN
[D6]acetone
CD2Cl2
CD2Cl2
CD2Cl2
CD2Cl2
CD2Cl2
CDF3/CDF2Cl (3:1)
CDF3/CDF2Cl (3:1)
CDF3/CDF2Cl (3:1)
CDF3/CDF2Cl (3:1)
[D8]toluene
[D8]toluene
[D8]toluene
CD2Cl2
CD2Cl2
CD2Cl2
CD2Cl2
CD2Cl2
CD2Cl2
[D6]DMSO

293
293
293
293
293
193

15.28
15.53
12.77
13.26
16.15
20.51

–
–
–
–
–
–

–
–
–
–
–
–

40.8
41
88.6
88.2
40.0
55.2

40.8
41
+ 4.4
+ 4.0
40.0
24.7

81.6
82
84.2
84.2
80
79.9

10.6[b]
–
8.7
9.0
10.3[b]
16.5

293
293
273
253
233
293
293
293
293
293
293
293
293
293
293
268
243
218
193
297
193
158
130
294
273
243
293
273
253
233
213
193
293

18.6
18.69
18.77
18.85
18.92
20.2
20.2
18.7
18.8
18.8
18.43
18.73
18.73
19.03
19.48
19.57
19.67
19.76
19.85
19.70
20.21
20.36
20.46
18.13
18.16
18.26
18.86[c]
18.99
19.09
19.20
19.32
19.43
18.40

346.7
347.92
347.90
347.88
347.85
349.6
349.1
352.6
351.7
347.5
345.2
345.9
346.0
–
347.0
347.0
346.9
346.9
346.8
–
–
–
–
348.3
–
–
–
–
–
–
–
–
344.6

346.7
347.92
347.90
347.88
347.85
349.6
349.1
345.0
345.0
346.7
344.4
345.2
345.3
–
346.3
346.3
346.2
346.1
346.0
–
–
–
–
349.1
–
–
–
–
–
–
–
–
344.0

30.5
30.57
30.53
30.45
30.38
27.8
27.6
47.8
50.1
35.0
36.2
40.2
40.2
39.8
38.7
39.1
39.5
40.0
40.5
38.9
40.1
40.4
40.5
38.8  0.5
–
38.8  0.5
41.7[c]
42.0
42.3
42.6
42.8
43.1
40.4

30.5
30.57
30.53
30.45
30.38
27.8
27.6
12.1
11.9
25.9
27.9
20.3
20.5
20.9
20.0
19.6
19.1
18.6
17.6
19.8
17.8
17.2
16.9
21.2  0.5
–
21.2  0.5
19.2[c]
18.7
18.1
17.6
17.2
16.7
21.8

61.0
61.14
61.05
60.80
60.76
55.6
55.2
59.9
62.0
60.9
64.1
60.5
60.7
60.7
58.7
58.7
58.6
58.6
58.1
58.7
57.9
57.6
57.4
60.0
–
60.0
60.9[c]
60.7
60.4
60.2
60.0
59.8
62.2

8.7[b]
–
–
–
–
8.3[b]
8.2[b]
8.16
8.10
8.85
–
8.80
8.8
–
9.27
9.31
9.40
9.48
9.56
9.26
9.66
9.78
9.87
9.4  0.5
–
–
8.64[c]
8.71
8.86
8.98
9.07
9.15
–

[a] This work. [b] Indirect detection by means of 13C NMR spectroscopy. [c] Extrapolated from low temperatures. dNHN  dN8HN1, dNHN  dN8HN1, JACHTUNGRE(N,H) =
JACHTUNGRE(N8,H), JACHTUNGRE(H,N) = JACHTUNGRE(H,N1). For the atom numbering see Scheme 2. TFA : a mixture of trifluoroacetate A and the homoconjugated anion AHA.

saturated solutions (between 0.1 and 0.2 m) of 8 to 13 and of
the corresponding protonated perchlorates 8 H + to 13 H + in
CD3CN were recorded at room temperature using standard
techniques. Typical spectra are included in the Supporting
Information. 1H and 15N chemical shifts and the corresponding absolute one-bond coupling constants j JACHTUNGRE(N,H) j and
j JACHTUNGRE(H,N) j could be determined directly from the signal splittings in the 1H and the 15N spectra. These coupling constants
are negative because of the negative gyromagnetic ratio of
15
N (Table 1). In the case of the unsymmetric ions, the
values of JACHTUNGRE(N,N) were obtained directly from the 1H decoupled 15N spectra. By contrast, in the case of 8 H + and 9 H + ,
these values were determined by line-shape analysis of the
high-order 13C{1H} signals of C1 and of the methyl groups as
described previously.[39]
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In the case of the symmetrically substituted ions, the equilibrium constants Kab of tautomerism [Eq. (1)] are unity,
thus leading to JACHTUNGRE(N,H) = JACHTUNGRE(H,N).

½N8H    N1  a Ð b  ½N8    HN1

ð1Þ

By contrast, in the case of the asymmetric ions, H is located preferentially on N8, that is, Kab < 1 and j JACHTUNGRE(N,H) j >
j JACHTUNGRE(H,N) j (see the theoretical section of the Supporting Information). However, to determine Kab, knowledge is
needed of the intrinsic coupling constants, which are influenced by temperature-dependent solute–solvent interactions. As this information is lacking, we did not attempt to
determine the Kab values.
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Variable-temperature and solvent-dependent NMR spectroscopy of 5 H + and 10 H + : To gain more insight into the influence of intermolecular interactions, further experiments
were performed on 5 H + and on 10 H + . In Figure 1a, the
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obtain 1H spectra for [D8]toluene; however, efforts to obtain
spectra in [D8]toluene using other counterions were not successful. The spectra are depicted in Figure S1 and S2 of the
Supporting Information and indicate major solvent effects
discussed below. Different NMR spectroscopic parameters
were also obtained when trifluoroacetic acid was used to
protonate 10 (Figure S3 in the Supporting Information). The
15
N signals were similar to those in Figure 1, but line broadening at room temperature indicated a fast proton exchange
of 10 H + with some remaining 10. 1H NMR spectroscopy
showed separate lines for the mobile proton in 10 H + , broad
at 298 K but giving rise to a similar splitting pattern at lower
temperatures as shown in Figure 1. At 298 K, a broad line
was observed at d = 10.2 ppm for various trifluoracetic acid
species and residual water. When the temperature was lowered, the latter was precipitated as ice and the remaining trifluoroacetic acid signal broadened and decoalesced below
193 K into a sharp line at d = 20 ppm. This chemical shift is
typical for the homoconjugated trifluoroacetate anion
AHA.[53] A detailed analysis of this signal was, however,
beyond the scope of this study.

Discussion
Before we enter the discussion of the results obtained in this
study, let us make some general remarks. As illustrated in
Scheme 4, it is now accepted that the two hydrogen-bond
Figure 1. NMR spectra of a solution of 10 (0.02 m) in CDF3/CDF2Cl (3:1)
in the presence of HBARF (Scheme 3): a) 15N{1H} NMR spectrum at
293 K; b) 15N{1H} NMR signals of 10 H + at different temperatures; and
c) low-field 1H NMR signal of 10 H + at different temperatures.

temperature-dependent 15N signals N1 and N8 of a solution
(0.02 m) of 10 in CDF3/CDF2Cl (3:1) are depicted, to which
HBARF had been added in a molar ratio of about 80 %.
This produces predominantly 10 H + , which is—even at room
temperature—in slow exchange with the residual base 10.
The signal assignment follows those reported in the literature for samples of 10 and 10 H + that contain 15N in natural
abundance.[45] We note that the chemical shift difference between N1 and N8 is much larger for 10 as compared to
10 H + ; moreover, N1 appears at lower field in 10 but at
higher field in 10 H + .
An expansion of the 15N signals of 10 H + is depicted in
Figure 1b for selected temperatures. As 1H decoupling was
employed, typical spectra of an AB spin system are observed, governed by JACHTUNGRE(N,N). The corresponding signals of
the hydrogen-bonded proton are depicted in Figure 1c. They
are split by the coupling constants JACHTUNGRE(N,H) = JACHTUNGRE(N8,H) and
JACHTUNGRE(H,N) = JACHTUNGRE(H,N1). These values strongly depend on temperature. The chemical shift is increased substantially when
temperature is lowered.
We obtain similar spectra of 10 H + ACHTUNGRE[BARF] using CD2Cl2
as solvent. In spite of a low solubility, we also were able to

Chem. Eur. J. 2010, 16, 1679 – 1690

Scheme 4. Geometric hydrogen-bond correlation and its effect on NMR
spectroscopic parameters.

distances r1 and r2 are correlated with each other in the
sense that if r1 is increased r2 will be decreased. This means
that also the proton coordinate j q1 j = j 1=2 ACHTUNGRE(r1r2) j and the
heavy-atom coordinate q2 = r1 + r2 are correlated. For a
linear hydrogen bond, j q1 j represents the distance of the
hydrogen atom from the hydrogen-bond center, and q2 represents the heavy-atom distance. The correlation implies
that a compression of the hydrogen bond, that is, a reduction of q2 leads to a displacement of the hydrogen atom towards the hydrogen-bond center as illustrated in Scheme 4.
This process is also addressed as a “strengthening” of the
hydrogen bond, or as a “symmetrization”, although symmetry is not achieved, rather only a step towards symmetry is
taken.
This “symmetrization” leads to an increase of the chemical shift dH of the hydrogen-bonded proton—that is, a low-
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field shift—and in the case of NHN hydrogen bonds, to an
increase of the coupling constant JACHTUNGRE(N,N). Later we will show
that also the sum j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j represents a measure
of the hydrogen-bond geometry. Various effects change the
hydrogen-bond properties, namely, chemical substitution,
counteranion, solvent, and temperature. In the following, we
will discuss these findings in more detail.

termination of JACHTUNGRE(N,N) was more difficult for 5 H + than for
10 H + , we studied the latter system in more detail. In
Figure 3 are plotted their chemical shifts (dH) and in
Figure 4 the coupling constants JACHTUNGRE(N,N) as a function of temperature.

NMR spectroscopic parameters: As an overview, in Figure 2
are plotted the room-temperature coupling constants JACHTUNGRE(N,N)
and sums j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j of the different systems as a

Figure 3. Chemical shift dH of the hydrogen-bonded proton of 5 H + (*)
and of 10 H + (&) measured under different conditions as a function of
temperature.

Figure 2. Room-temperature coupling constants a) JACHTUNGRE(N,N) and
b) j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j  [JACHTUNGRE(15N,1H) + JACHTUNGRE(1H,15N)] of 15N1H15N hydrogen
bonds of various protonated proton sponges of the 1,8-bis(dimethylamino)naphthalene-H + type (~: BARF, CD3CN; &: BARF, CD2Cl2 ; *:
BARF, [D8]toluene; ^: TFA, CD3CN; ~: TFA, CD2Cl2 ; &: ClO4,
CD3CN; see Schemes 2 and 3) as a function of the chemical shift dH of
the hydrogen-bonded proton.

function of the chemical shifts (dH) of the hydrogen-bonded
protons. Surprisingly, the NMR spectroscopic parameters of
5 H + and of all asymmetric ions are similar. As compared to
the asymmetric ions 11 H + and 12 H + , the symmetric ions
8 H + and 9 H + exhibit larger values of dH and of JACHTUNGRE(N,N),
and lower values of j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j , which indicates a
strengthening of the hydrogen bond according to Scheme 4.
However, the influence of solvent and counteranion is of
the same order or even larger than the influence of chemical
substitution, and it is difficult to distinguish the different effects solely on the basis of the room-temperature data of
Figure 2.
For 5 H + and 10 H + we were able to obtain additional information by low-temperature NMR spectroscopy. Their
NMR spectroscopic parameters are very similar. As the de-
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Figure 4. Coupling constant JACHTUNGRE(N,N) of 10 H + measured under different
conditions as a function of temperature.

The first result to note is that the values of dH are independent of the anion if CD3CN is used as solvent. This provides evidence that in acetonitrile the ion pairs are dissociated because of the large dielectric constant. By contrast, for
the less polar solvents CD2Cl2 and CDF3/CDF2Cl, we find
that dH and JACHTUNGRE(N,N) are substantially larger for BARF relative to trifluoroacetate (TFA), which indicates the formation of contact ion pairs in CD2Cl2 and CDF3/CDF2Cl, and
especially in [D8]toluene. We note that Bernatowicz et al.[54]
interpreted their longitudinal relaxation time data of 5 and
5 H + ACHTUNGRE[NO3] in [D7]DMF also in terms of ion pairing.
The second main feature of Figures 3 and 4 is that dH and
JACHTUNGRE(N,N) are substantially increased upon lowering temperature in all polar solvents, but not in nonpolar [D8]toluene.
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The largest values of d = 20.4 ppm and JACHTUNGRE(N,N) = 9.9 Hz are
reached for CDF3/CDF2Cl at 130 K and BARF as counteranion. Unfortunately, solubility problems did not allow us to
reach lower temperatures; it seems that the values would
still increase if temperature could be further lowered. The
observed temperature dependence must be associated with
the increase of the dielectric constants of the polar solvents
when temperature is lowered.[7, 22c, 55]
These findings are corroborated by the coupling-constant
sums j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j , which are plotted in the upper part
of Figure 5 as a function of dH. We observe a monotonous

FULL PAPER
that toluene is already highly ordered around 10 H + at room
temperature. This finding can be explained in terms of the
high polarizability of this solvent, which is revealed by very
large negative entropies of ion-pair formation.[56] In the case
of 10 H + ACHTUNGRE[BARF] , the arrangement of the solvent molecules
must be such that the ring currents induced by the aromatic
toluene ring lead to the observed high-field shifts of 10 H + .
In principle, using appropriate quantum mechanical calculations, it could be possible to obtain information about how
the solvent shell is arranged around the ion pair, and whether a single molecule is located between both ions.
Solvent ordering and ion pairing: The scenarios in Scheme 5
offer a qualitative explanation for the findings depicted in
Figures 3–5. Scheme 5a deals with the case of the dissociated

Figure 5. Coupling constants j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j , j JACHTUNGRE(N,H) j , and j JACHTUNGRE(H,N) j
of the NHN hydrogen bonds of 10 H + measured under different conditions as a function of the chemical shift dH of the hydrogen-bonded
proton.

decrease of j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j with increasing value of dH,
and hence with increasing values of JACHTUNGRE(N,N). With the exception of the value for [D8]toluene, all data points—even if
they were derived under different conditions—are located
on the same correlation line. To shift the data point of
[D8]toluene to the correlation line, a low-field shift of about
d = 1 ppm is required.
By contrast, the temperature dependence of the individual coupling constants JACHTUNGRE(N,H) and JACHTUNGRE(H,N) depicted in the
lower part of Figure 5 is more complex and will be discussed
later.
The case of the ion pair 10 H + ACHTUNGRE[BARF] in [D8]toluene requires some special discussion. A closer look at the chemical
shifts of the aromatic and methyl protons of 10 H +
(Table S1 in the Supporting Information) indicates that in
addition to the observed high-field shift of the mobile
proton, the aromatic and methyl proton signals also exhibit
such a shift, although to a smaller extent. For comparison,
we have re-measured the chemical shifts of the neutral chelate 1 (Scheme 2) in CDCl3 and in [D8]toluene. The hydrogen-bond proton as well as the CH protons do not show any
substantial difference in both solvents. Therefore, it seems
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Scheme 5. a) Differential solvation of a homoconjugated cation at room
temperature. The positively charged acceptor site that contains the
proton experiences a higher local solvent order than the neutral acceptor
site. Tautomerism is accompanied by solvent reorganization. b) Solvent
ordering by lowering the temperature increases the symmetry of the hydrogen bond. c) Interaction with a small counteranion that is placed in
an asymmetric way with respect to the hydrogen bond weakens the hydrogen bond. d) Interaction with a large counteranion in which the
charge is well shielded and that is placed in a symmetric way with respect
to the hydrogen bond can symmetrize and strengthen the hydrogen bond.

ion pair as found for acetonitrile. At room temperature, the
solvent molecules around the positively charged nitrogen
atom may exhibit a higher local-order parameter than those
in the vicinity of the neutral nitrogen atom. This can
weaken the hydrogen bond through ion–dipole interactions
in both tautomers a and b. When the temperature is lowered
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and solvent ordering occurs, the hydrogen bond becomes
more symmetric (Scheme 5b). This “symmetrization” leads
to an increase of dH, of JACHTUNGRE(N,N), and to a decrease of the
sum j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j . By contrast, lowering the temperature also leads to a decrease of the equilibrium constant of
tautomerism Kab and hence to an increase of the difference
j JACHTUNGRE(N,H)JACHTUNGRE(H,N) j . Both trends are illustrated in Figure 5.
Scheme 5 also illustrates the role of the counteranion,
which now forms a contact or solvent-separated ion pair
with the cation that contains an intramolecular hydrogen
bond. When the anion is small (Scheme 5c), it will again
perturb the hydrogen bond symmetry and weaken it if it is
placed asymmetrically.[57] By contrast, a large counteranion
in which the negative charge is well shielded and delocalized[58] will lead to a symmetrization, that is, strengthening
of the hydrogen bond as depicted schematically in
Scheme 5d. Solvent reorganization at low temperatures will
still play an important role.
The scenarios of Scheme 5 might also explain the results
of Lloyd-Jones et al.,[50] who found particularly small values
of JACHTUNGRE(N,N) for solutions of iodides of partially methylated
protonated proton sponges in acetonitrile. Successive replacement of methyl by hydrogen reduced the values of
JACHTUNGRE(N,N). Thus only 1.5 Hz were observed for 7 H +
(Scheme 2, R = H). Unfortunately, because of the fast NH3
group rotation and fast proton exchange, the chemical shift
values of the hydrogen-bonded protons could not be determined. On the other hand, DFT calculations showed that
the NHN hydrogen-bond geometries did not substantially
change when the methyl groups were replaced by hydrogen.[50] These small values can be interpreted in terms of microsolvation of the NH groups by solvent molecules, which
lowers the hydrogen-bond symmetry. This is essentially the
case of ACHTUNGREScheme 5a.
Effects of chemical structure: Finally, we compare in
Figure 6 the values of j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j as well as those of
JACHTUNGRE(N,N) for 10 H + as a function of dH with those obtained
before from the NHN chelates 1 to 4 (Scheme 2). For both
types of compounds, we note a more or less linear decrease
of j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j and an increase of JACHTUNGRE(N,N) when the
chemical shift is increased.
For intrinsic couplings it has been well established experimentally that they increase with an increasing s character of
the hybridization of nitrogen.[59] These trends have been
confirmed by theoretical DFT calculations.[15, 32] Thus, sp3 nitrogen atoms exhibit typical couplings around 75 Hz and
sp2 nitrogen atoms around 90 Hz in which the s character
is 33 %. Pyrroles exhibit values of about 100 Hz from
which an s character of about 36 % has been derived.[59] It is
thus clear that the sum j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j is smaller for
10 H + than for the NHN chelates (Figure 6). As 4 is of the
pyrrole type, its value might be larger than predicted by the
line connecting the other chelates 1 to 3. Noteworthy is the
finding of maximum chemical shifts around dH = 20.5 ppm
both for the NHN chelate 4 as well as for the protonated
sponge 10 H + . Normally, one would expect similar hydro-
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Figure 6. Coupling constants a) j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j and b) JACHTUNGRE(N,N) of the
NHN chelates 1 to 4 (Scheme 2) and of 10 H + measured under different
conditions as a function of the chemical shift dH of the hydrogen-bonded
proton.

gen-bond distances r1 and r2 in both cases. However, the
coupling-constant sum j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j as well as the coupling constants JACHTUNGRE(N,N) are substantially smaller for the protonated sponge relative to the NHN chelates. The maximum
value of JACHTUNGRE(N,N) observed for 10 H + is 9.9 Hz, whereas the
anion 4 exhibits a value of 16.5 Hz, which is the largest
value for NHN hydrogen bonds that have been reported up
to date.[49] Here, the countercation was Na + solvated by several [D6]DMSO molecules. Hence, 4 represented a solventseparated ion pair in which the effects of cation–anion interactions were minimized.
The question of whether or not there is a dependence of
JACHTUNGRE(N,N) upon hybridization is less straightforward to answer.
Recent high-level calculations by some of us have shown
that all coupling constants depend on the hybridization of
both N atoms including pyrrole-type and on the charge
(neutrals (as 1, 2, 3, 7), anions (as 4), and cations (as 5 H + –
13 H + )).[52] However, JACHTUNGRE(N,N) also decreases when the hydrogen bond deviates from linearity. Moreover, recent calculations on the protonated HCN dimer indicate a reduction of
JACHTUNGRE(N,N) when the angle between the nitrogen lone pair and
the N···H distance vector is not zero.[51] Such a mismatch
could be introduced in proton sponges of the DMANH +
type by bulky substituents in the 2-position of the naphthalene ring.
At this point we come back to the influence of the substitution pattern on the NMR spectroscopic parameters of
proton sponges. In Figure 5 we showed that the couplingconstant sum j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j decreases monotonously as
the proton chemical shift dH is increased. We would have
then also expected an increase of JACHTUNGRE(N,N), which was, however, not the case. The reduction of the sum j JACHTUNGRE(N,H) +
JACHTUNGRE(H,N) j was especially strong for the 2,7-dichloro- and di-
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bromo-substituted ions 8 H + and 9 H + (Scheme 3). The unusually high-field-shifted signals of 15N nuclei next to the
bulky Cl or Br substituents in nonprotonated forms 8 and 9
(see the Supporting Information) are another manifestation
of structural constraint in these molecules. On the other
hand, the sum j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j is not reduced in the 2mono-substituted ions 11 H + and 12 H + , in which H is located preferentially on N8 (Table 1), that is, the 2-substituents
are located near the lone pair and steric repulsion including
angle mismatch should be operative. Therefore, although for
a given compound such as 10 H + , temperature, solvent, and
counteranion dependences of the three spectroscopic
probes—dH, JACHTUNGRE(N,N), and j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j —are understood in a qualitative way, we have to leave the question
open as to why these parameters do not point in the same
direction for the cases of 8 H + and 9 H + . To solve that question, further experimental and computational studies are
necessary.
Finally, we note that 2,7-symmetrically substituted proton
sponges, in particular 8 H + [40] and 9 H + ,[41] are known to exhibit unusual hydrogen-bond geometries and vibrations.
However, it is difficult at present to establish a connection
with the NMR spectroscopic parameters found in this study.

FULL PAPER
rameters of the cations was observed. By contrast, contact ion pairs or solvent-separated ion pairs are formed
in less polar solvent as reflected in anion-dependent
NMR spectroscopic parameters of 5 H + and 10 H + . The
interaction of such an ion pair with an aromatic solvent
such as toluene can lead to high-field shifts of the hydrogen-bonded proton. In such cases one has to rely on
JACHTUNGRE(N,N) and j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j as spectroscopic probes
for hydrogen-bond geometries.
4) Symmetrization of cationic hydrogen bonds by ion pairing and solvation: The most important finding of this
study is, however, the following. In contrast to our expectations, the NMR spectroscopic parameters of 5 H +
and 10 H + indicated a symmetrization of the NHN hydrogen bonds when the temperature was lowered. Two
phenomena contribute to this effect: 1) Solvent ordering
around the free cations in acetonitrile and around the
ion pairs in other less polar solvents. 2) Increase of the
size of the counteranion and increased charge delocalization in the latter. We think that these effects are worthy
of further experimental and theoretical study in the
future.

Conclusion
We have arrived at the following conclusions after this
study.
1) j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j as a spectroscopic probe: We have
shown that not only the 1H chemical shifts dH and coupling constants JACHTUNGRE(N,N) across NHN hydrogen bonds are
measures of the hydrogen-bond strength, but also the
coupling-constant sum j JACHTUNGRE(N,H) + JACHTUNGRE(H,N) j , independent
of the presence of a tautomeric equilibrium. Occasionally
all three quantities point in the same direction and hence
reveal together additional information about a thus far
unrecognized problem.
2) Dependence of JACHTUNGRE(N,N) upon hybridization: Positively
charged intramolecular NHN hydrogen bonds of the sp3
type exhibit smaller coupling constants JACHTUNGRE(N,N) relative to
neutral or anionic hydrogen chelates that contain nitrogen atoms of the sp2 type, although the 1H chemical
shifts are similar. This finding will require additional
computational studies that are similar to those presented
previously.[51, 52]
3) Intermolecular interactions: We have shown that the
NMR spectroscopic parameters of protonated sponges
depend strongly on intermolecular interactions. This
makes a comparison with calculated values difficult. On
the other hand, it provides an interesting molecular
probe for local intermolecular interactions. For example,
we have verified ion-pair dissociation in the case of the
protonated 1,8-bis(dimethylamino)naphthalene cations
5 H + and 10 H + in acetonitrile at room temperature, as
no counterion influence on the NMR spectroscopic pa-
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Experimental Section
General synthesis of doubly 15N-labeled compounds: All unlabeled materials were commercial products purchased from Aldrich, Germany. Potassium [15N]nitrate (95 % 15N) was obtained from Chemotrade, Germany.
Solvents used for the syntheses were purified using literature procedures.[60] Chloroform was additionally purified over a column with basic
aluminum oxide to remove traces of hydrochloric acid. The purification
of the products was achieved by column chromatography on neutral aluminum oxide (Brockmann I, 70–230 mesh, d = 2 cm, h = 20 cm) from
Machery-Nagel, Germany. All reactions were monitored by TLC on neutral aluminum oxide 60 F254 (type E), from Merck, Germany, using the
same eluent as for column chromatography. The purity of reactants and
products was checked by NMR spectroscopy and MS analyses.
Compound [15N2]5: This compound was synthesized as described previously[39, 61] by subsequent nitration of naphthalene with [15N]nitric acid, reduction to [15N2]7, and permethylation with dimethyl sulfate.
Compound [15N2]8: This compound was prepared by a modification of
the synthesis described for the unlabeled compound.[62] A solution of 1chlorobenzotriazole (see the Supporting Information)[63] (360 mg,
2.34 mmol) in chloroform (20 mL) was added dropwise under stirring to
a solution of [15N2]5 (250 mg, 1.17 mmol) in chloroform (10 mL) cooled
to 50 8C. After complete addition, the reaction mass was stirred for an
additional 30 min. The solution was concentrated (  2 mL) and subjected
to chromatography. The yellow fraction (Rf = 0.73) was collected, the solvent was distilled off, and the residue was recrystallized from methanol,
thus yielding 8 (320 mg, 96 %) as lemon yellow needles. M.p. 48–50 8C.
Compound [15N2]9: This compound was prepared by a modification of
the synthesis described for the unlabeled compound.[64] A solution of Nbromosuccinimide (280 mg, 1.6 mmol) in chloroform (20 mL) was slowly
(  30 min) added dropwise under stirring to a solution of [15N2]5
(165 mg, 0.75 mmol) in chloroform (8 mL) cooled to 50 8C. The yellowbrown reaction mass was stirred at 25 8C for an additional 20 min, then
the solvent was evaporated. The residue was extracted with hexane (4
15 mL). Removal of the solvent and recrystallization from methanol
yielded 9 (165 mg, 59 %) as yellow needles. M.p. 75–76 8C.
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Compound [15N2]10: This compound was prepared by a modification of
the synthesis described for the unlabeled compound.[65] Compound
[15N2]5 (195 mg, 0.9 mmol) was dissolved in concentrated sulfuric acid
(0.9 mL, 96 %) and cooled to 15 8C. A mixture of concentrated nitric
acid (56.7 mg, 100 %) and sulfuric acid (0.18 mL, 96 %) was added dropwise to the cold solution. After stirring for 5 min, the reaction mixture
was poured on ice (20 g) and was neutralized with aqueous ammonia.
The precipitate was filtered out and subjected to chromatography (eluent
hexane/ethyl acetate 1:1). The fractions containing the product were collected and the solvent was removed under vacuum. The residue was recrystallized from methanol to give 10 (159 mg, 68 %) as dark red crystals.
M.p. 135–136 8C.
Compound [15N2]11: This compound was prepared by a modification of
the synthesis described for the unlabeled compound.[62] A solution of 1chlorobenzotriazole (180 mg, 1.17 mmol) in chloroform (10 mL) was
added dropwise under stirring to a solution of [15N2]5 (250 mg,
1.17 mmol) in chloroform (10 mL) cooled to 15 8C. After complete addition, the reaction mass was stirred for another 30 min. The solution was
concentrated (  2 mL) and subjected to chromatography. The yellow
fraction (Rf = 0.73) was collected and the solvent was distilled, thus yielding 11 (250 mg, 86 %) as a pale yellow oil.
Compound [15N2]12: This compound was prepared by a modification of
the synthesis described for the unlabeled compound.[64] A solution of Nbromosuccinimide (140 mg, 0.8 mmol) in chloroform (10 mL) was slowly
(  30 min) added dropwise under stirring to a solution of [15N2]5
(165 mg, 0.75 mmol) in chloroform (8 mL) cooled to 20 8C. The brown
reaction mass was stirred at 15 8C for an additional 20 min, concentrated to a volume of 2 mL, and subjected to chromatography (eluent chloroform). The light yellow fraction was collected and the solvent was distilled to yield 12.
Compound [15N2]13: The synthesis of the unlabeled compound has been
described previously.[66] The labeled compound was prepared using the
following modified procedure.[67] A solution of 2-chloro-1,3,5-trinitrobenzene in acetonitrile (5 mL; for synthesis, see the Supporting Information)
was added under occasional shaking to a solution of [15N2]5 (108 mg,
0.5 mmol) in acetonitrile (5 mL). After 15 min, water (20 mL) was added,
and the solution was extracted with diethyl ether (7 10 mL). The combined extracts were washed with a saturated sodium bicarbonate solution
and with water. The ethereal solution was dried over magnesium sulfate
and distilled. The residue was recrystallized from acetonitrile to yield 13
(127 mg, 60 %) as dark violet crystals.
Protonation of proton sponges: To prepare the protonated perchlorates,
a solution of the corresponding base in ethyl acetate (0.04 mmol in 2 mL)
was added to perchloric acid (60 %, 0.1 mmol). After 2 min, the mixture
was diluted with diethyl ether (3 mL). The precipitate was collected,
washed with diethyl ether, and dried. Recrystallization from ethanol afforded colorless crystals of the perchlorates. The yields were nearly quantitative.
To prepare the protonated trifluoroacetate 10 H + , trifluoroacetic acid
(99 %, Aldrich) was added directly to an NMR spectroscopy sample tube
that contained the corresponding base dissolved in a deuterated solvent.
To prepare 10 H + ACHTUNGRE[BARF] , we proceeded as follows. Firstly, a synthesis
of HBARF was performed according to the procedure reported by Brookhart et al.[68] and modified by Grndemann.[69] As HBARF is very hygroscopic and sensitive to oxygen, the whole preparation procedure was carried out either in a dry box under an argon atmosphere or on a vacuum
line. Proton sponge 10 (0.01 mmol) was placed in an NMR spectroscopy
sample tube. HBARF was dissolved in purified and dried dichloromethane. The solution that contained HBARF (about 0.008 mmol) was
added directly to the NMR spectroscopy sample tube. Afterwards, the
solvent was evaporated on a vacuum line, then CD2Cl2 or freon mixture
(0.4 mL) was condensed directly in the sample tube.
Samples of 10 H + ACHTUNGRE[BARF] in [D8]toluene were prepared in a different
way. The sodium salt of HBARF, NaBARF, which is stable in air under
normal conditions, was added to the flask containing water (the solubility
of NaBARF in H2O is very low, so it was not dissolved). Subsequently, a
stoichiometric amount of proton sponge 10 and HCl (1.5 equiv) were
added, and the solution was stirred at room temperature for approxi-
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mately 2 d. The nonsoluble product 10 H + ACHTUNGRE[BARF] was then filtered and
dried under vacuum for another day. Then the weighted amount of the
substance was placed into the NMR spectroscopic sample tube and the
solvent, [D8]toluene, was added by means of vacuum transfer. Prior to
that, [D8]toluene was dried over fresh molecular sieves and basic Al2O3.
Synthesis of the deuterated freon mixture CDF3/CDF2Cl: A modification
of the procedure reported by Golubev et al. was used.[70] SbF3 (30 g,
168 mmol), CDCl3 (20 g, 168 mmol), and SbCl5 (1.5 mL) were mixed
inside a Teflon-coated autoclave and heated to 100 8C for a few hours.
After the pressure had risen to 30–35 bar, heating was continued for another hour. Afterwards, the autoclave was cooled to room temperature,
and the freon mixture was condensed through a small column filled with
KOH to a bulb filled with KOH on the high-vacuum line (106 mbar).
During this process it was degassed several times to remove air in the
system. The freon mixture was then carefully thawed to a temperature of
50 8C, at which it was left for 45 min. The freon mixture was condensed
into a small steel lecture bottle filled with some dry tetrabutylammonium
fluoride, in which it was left overnight. The next day it could be condensed to another steel lecture bottle for long-term storage. It was dried
for 30 min with Al2O3 directly prior to use. The CDF3/CDF2Cl ratio was
3:1 as determined from the residual solvent 1H NMR spectroscopic signals.[7]
NMR spectroscopy experiments: The NMR spectroscopy measurements
were carried out using a Bruker AMX 500 instrument operating at
500.13 MHz for 1H, at 125.76 MHz for 13C, and at 50.70 MHz for 15N. A
Bruker AC 250 spectrometer operating at 250.13 MHz for 1H and at
62.90 MHz for 13C and a Bruker DRX 750 spectrometer operating at
749.98 MHz for 1H and at 188.58 MHz for 13C were used for the measurements at other magnetic fields. 1H and 13C chemical shifts are given
versus TMS, and 15N chemical shifts versus external nitromethane. For
the NMR spectroscopy experiments using CDF3/CDF2Cl as solvent, special thick-wall NMR spectroscopy tubes (Wilmad, Buena) were employed, equipped with a Teflon-needle valve.
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