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Abstract

The possible existence of less common hydrogen bonds in three lariat ethers and their alkali-metal ionic complexes have been investigated with
one- and two-dimensional (1D and 2D) proton and carbon-13 high resolution liquid state NMR spectroscopy. The occurrence of hydrogen-
bonding induced by the addition of metal ions has been identified with the observation of indirect dipolar coupling between the coupling partners
involved in the hydrogen-bonding. The addition of metal ions, moreover, causes appreciable change of chemical shift of several protons and
carbons. The chemical shift change depends on the ion radius, larger ions causing smaller change. Moreover, the change of chemical shift is in
coincidence with the occurrence of hydrogen-bonding. The values of the coupling constants have been obtained for each of these hydrogen bonds
and were used for evaluating the hydrogen-bond strength. An intriguing and surprising observation is that a C—HO hydrogen bond identified in
solution by this work was not found in the previous study with X-ray diffraction or other methods.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The structural and chemical similarities between lariat crown
ethers and a number of biologically important enzymes make
this type of compounds a favored model for biochemists as well
as chemists. In particular, the presence of hydrogen-bonding in
crown ethers (lariat) bound with metal ions has been an interest-
ing and vigorously pursued subject because of its implications to
protein structure [1] and the molecular mechanism of enzymatic
reaction [2]. Previous studies [1,2] using X-ray and other meth-
ods such as binding constant determination and picrate extrac-
tion efficiency suggest the existence of hydrogen bonding
between an aromatic hydrogen on the side arm and a nitrogen
or oxygen on the crown macro-ring. These hydrogen bonds are
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believed to be analogous to those responsible for catalysis
mechanism of some enzymes. While these studies are enlight-
ening and offer interesting insights into this type of less common
hydrogen-bonds, the most essential signature of hydrogen bond-
ing, i.e., the overlap of wave-functions of the bonding partners,
however, has not been directly confirmed. Moreover, even when
a hard evidence for hydrogen-bonding is found in the solid state
via, e.g., X-ray diffraction, it does not necessarily mean that the
same hydrogen-bonding still occurs in the solution state remi-
niscent of biological/physiological environments. On the other
hand, it is also possible, although seemingly rare, that more
hydrogen bonds exist in solution state than in solid state. There-
fore two important aspects are worth being addressed: (1) what
should be attributed to be the direct and unambiguous evidence
of this type of less common hydrogen bonds and (2) how to
directly observe the hydrogen-bonds in the solution state which
is closer to physiological conditions? In deed, we will present a
case where hydrogen bonding was observed in the solution state
but not reported in the crystalline state.
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NMR has been employed to study hydrogen bonds in
solutions and solids for a long time, the development of
which has recently been reviewed by Limbach [3].The
prowess of NMR to identify and characterize the presence
of H-bonds in various systems has been well demonstrated
[3]. Furthermore, there has been a large body of literature
on applying both liquid state and solid state NMR spec-
troscopy to the study of crown ethers, as reviewed by Bucha-
nan [4]. We note that, however, all those studies focused on
much stronger interactions such as chemical shift, three-bond
J couplings, direct dipolar coupling and quadrupolar cou-
pling. Besides, in all of those studies, only one-dimensional
NMR spectroscopic methods were used, a number of inter-
esting and important fine details about the systems being not
revealed. Because of the weak magnitude of C—H+~O hydro-
gen-bonds (thus the associated J-couplings) in this type of
compounds, however, none has ever explored this topic with
NMR. On the other hand, although much theoretical work
has been devoted to the understanding and characterizing
this type of less common hydrogen bonds [5-22] and ex-
perimental evidence for its presence in DNA systems [23—
30] and proteins [31-33] has been provided, some debates
remain whether it should be categorized as a hydrogen bond
[34-36].

In this work, we report the result of applying liquid state
NMR spectroscopy to investigate this problem. Based on var-
ious one-dimensional and two-dimensional (1D and 2D) proton
and carbon-13 liquid and solid state NMR studies, including
COSY, LR-COSY, TOCSY, NOESY, HSQC and CPMAS spec-
troscopy, we have found that for the three ethers we studied,
hydrogen bonds are unambiguously formed as a result of the
addition of a metal ion (sodium or potassium). The prudential
execution and analyses of the long-range correlation spectros-
copy combined with regular correlation and NOESY enable us
to identify unambiguously the existence of this type of less
common hydrogen bond when the lariat ethers are complexed
with alkali metal ions.

The major principle underlying this work is that the protons
close to the H-bond acceptor (oxygen on the macroring) can be
used as a probe to detect the perturbation of its wavefunction
caused by the H-bond donor (if the H-bond is real). The para-
meters related to the hydrogen bonds such as the relevant J-
coupling constants, the distances between hydrogen bonding
partners and the torsion angles can be elucidated and verified
with these NMR results. Because the extra complications in-
volved with the interpretation of solid state NMR spectra of
these systems, only the solution NMR results are reported in
this paper. The solid state NMR results will be presented
separately.

2. Experimental section

The selected lariat ethers are: N,N’-Dibenzyl)-4,13-diaza-18-
crown-6 (1), N,N'-Bis(1-naphthylmethyl)-4,13-diaza-18-crown-
6 (2) and N,N'-Bis(9-anthryl-methyl)-4,13-diaza-18-crown-6 (3),
as shown in Table 1. Two alkali metal ions, potassium and
sodium, were chosen to be added to the ethers. Their molecular

Table 1
Lariat ethers used in this work

Cc

° OWb
a
R-N N-R R
o o
__/
d
4CH,
1 2 6
3 5
4
d
1CH210 o
7
3 5
4 6
d
5 CHa
21 14
3 4 12
5 11
6 7 g% 10

formulae are also shown in Table 1. Given in Table 1 were also
the schemes for numbering protons on the macro ring and on the
side-arms, which are followed when tabulating chemical shifts
and other parameters obtained in this work.

2.1. Synthesis of lariat ethers

The synthesis of the lariat ethers was conducted by follow-
ing the previously published procedures of Gatto et al. [37] for
compound 1, Gatto and Gokel [38] for compound 2 and Kubo
et al. [39] for compound 3. The yields were 29%, 90% and 90%
for compounds 1-3, respectively.

2.2. Sample preparation

Sodium and potassium ions were added to the solutions by
adding Nal, KI to the lariat ethers. Nal and KI were purchased
from Sigma-Aldrich without further purification before use.
The solvent was a mixture of CDCl; and TMS, or of CDCls,
CDsCN or CD3;0D as NMR chemical shift references. The
measured samples were as follows: (1) The ethers were dis-
solved in CDCl; to measure 1D '*C and various proton NMR
spectra. (2) The three ethers were added with Nal with molar
ratio of 1:1 and then added with CD3CN and CDCIl; (molar
ratio 1: 1) to measure 1D '*C and various proton NMR spectra.
(3) The three ethers were added with KI with molar ratio of 1: 1
and then added with CD3;OD and CDCIl; (molar ratio 1:1) to
measure 1D *C and various proton NMR spectra. All solvents
were purified to prevent possible acidic impurities.



S. Ding et al. / Biophysical Chemistry 121 (2006)

2.3. NMR spectroscopy

Both one and two dimensional proton NMR spectroscopy
were used for studying the pure and ion-bound ethers. The experi-
ments were performed on both Varian VXR 300 MHz NMR
Spectrometer and Varian Inova 500 MHz NMR Spectrometer.

For 1D 'H experiments, single 90° pulse (7 and 5.6 us on
300 and 500 MHz NMR spectrometers, respectively) was
used for excitation; the typical spectral width was 12 ppm,
recycle delay 2 s and the number of transients 32.

For 1D "*C experiments, single 90° pulse (11 and 8 ps on
300 and 500 MHz NMR spectrometers, respectively) was
used for excitation; the typical spectral width was 220 ppm,
recycle delay 10 s and the number of transients 4000 (on the
300 MHz NMR spectrometer) and 1000 (on the 500 MHz
NMR spectrometer).

A number of 2D experiments including homonuclear 'H
COSY, TOCSY, LR-COSY, NOESY and heteronuclear 'H~'>C
HSQC were carried out. For COSY, TOCSY and NOESY,
usually a 256 (t1)x1024(t2) data matrix was used in acqui-
sition and it then was expanded to 2048(tl)x2048(t2) by
linear prediction and/or zero-filling for better resolution. The
time increment in the first dimension was set to 300 us (for
300 MHz NMR spectrometer) and 180 ps (for 500 MHz
NMR spectrometer). For NOESY spectra, 20500 ms of
mixing times were used. For all these 2D spectra, 32 tran-
sients were accumulated.

For LR-COSY spectra, a 512 (t1) x 1024(t2) data matrix was
used with first dimension time increment the same as COSY
measurements; the extra delays used were from 80 to 120 ms.
The data matrix was also zerofilled to 2048 (t1)x2048(t2)
before Fourier transform. The number of transients accumulat-
ed was set to 128 to ensure sufficient signal-to-noise ratio.

For "H-"3C HSQC spectra, a 512 (t1)x 1024(t2) data matrix
was used. The time increment in the '*C dimension was set to
100 ps (on the 300 MHz NMR spectrometer) and 40 ps (on the
500 MHz NMR spectrometer). The number of transients was
128.

Recycle delay of 2 s was the same for all proton 1D and 2D
experiments and 10 s for all >C experiments. All experiments
were performed at room temperature.

3. Results and discussions

Based on the 1D 'H, 1D °C, 2D COSY, TOCSY, NOESY
and "H-"3C HSQC spectra acquired on NMR spectrometers at
two different magnetic fields, we were able to successfully give
a complete assignment of the NMR spectral peaks of the 'H
and "*C spins in the three ethers and their corresponding alkali
metal ionic complexes. The chemical shifts were tabulated and
are shown in Tables 2 and 3 for 'H and '*C, respectively.

3.1. 1D proton and carbon-13 spectra
The 1D 'H and ">C spectra of pure ethers and their sodium

and potassium complexes were recorded and each peak was
assigned. Evident changes of both the proton and '*C spectra

Table 2

Proton chemical shift (ppm, TMS) of the lariat ethers and their complexes

Sidearm

Macroring

Ha

Compound

75-83

<
—

13

12

11

10

7.38
7.17
-0.21

7.31
7.33
0.02
7.35
0.04

7.24
7.27
0.03
7.29
0.05
7.51
7.51
0.00

7.31
7.33
0.02

7.35

7.38
7.17
-0.21
-7.28
-0.10

3.68
3.63
-0.05

Hd

3.63
3.47
-0.16

Hc

3.60
3.60
0.00
3.04
0.04
3.63
3.44
—-0.19

Hb

2.82
2.66
-0.16
2.69
-0.13
2.90
2.59
—0.31
2.68
-0.22
2.90
2.62
-0.28
2.78
-0.12

1-Na

7.28
—-0.10

3.70
0.02
4.11

3.54
—-0.09

1-K

0.04
7.49
7.48
—0.01
7.37
-0.12
8.55
8.19
-0.36
8.14
-0.41

7.31
7.19
-0.12
7.26
—0.05

7.42
7.24
-0.18

7.76
7.77
0.01
7.75
0.02

7.84
7.84
0.00
7.78
—0.06

8.35
7.88
-0.47

3.58
3.08
-0.50

3.82
-0.29

2-Na

7.38
—0.04

7.34
-0.17

7.80
—0.55

3.85
—0.26

3.20

-0.38

3.45
—0.18

2-K

8.55
8.19
-0.31

7.98
8.00
0.02
8.02
0.04

7.46
7.52
0.06
7.39
-0.07

7.44
7.47
0.03
7.33

—-0.11

8.40
8.44
0.04
8.52
0.12

7.44
8.00
0.56
8.02
0.58

7.46
7.47
0.01
7.33
-0.13

7.98
7.52
-0.46

4.59
4.43
-0.16

3.52
2.76
-0.76

3.58
343
-0.15

3-Na

8.14
-0.41

7.39
-0.59

4.38
-0.21

3.11

-0.41

3.45
-0.13

3-K

Also listed are the changes of chemical shift after complexation ().
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Table 3

Carbon-13 chemical shift (ppm, CD;Cl) of the lariat ethers and their complexes

Side arm

Macroring

Ca

Compound

14

13

12

10

Cd

Cc

Cb

128.85
131.01

128.88 128.15 126.15 128.88

139.52

59.94
58.98
—0.96

56.68

70.67

69.11
—1.56

69.98

53.75
52.92
—0.83

131.01 129.46 128.43 129.46

137.86

67.65

1-Na

2.16
131.06

2.21

0.58
129.43
0.58

2.28
128.37

1.31
129.43
1.28

2.13
131.06
2.18

—1.66

137.68
—1.84

-2.33
68.76
-1.22

70.00

70.98
0.31

55.19
1.44

1-K

222
127.74

—3.26
58.48
56.70

-1.78

56.19

125.49 133.76 127.20 125.60 128.33

132.40 135.25 125.19 124.73

70.65

54.15

68.45 132.93 134.57 125.83 129.48 123.16 126.33 133.76 127.20 125.60 128.33
-2.20

67.49
-2.51

68.12

53.10
—1.05

2-Na

0.00
129.81

0.00
127.35

0.00
128.93

0.00
134.04

0.84
126.17

-1.57
123.20

1.74
129.36

0.64
125.97

—0.68
134.61

1.53
132.53

69.85
—-0.80

49.51
—4.64

2-K
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1.48
125.26

1.75
128.87

1.73
127.41

0.28
128.87

0.68
125.26

-1.53
125.52

1.62
127.23

0.78
124.79

-0.64
134.12

0.13
131.40
129.22

-2.29
53.91

—1.88
70.17

127.23 124.79 134.12

125.52

70.59

51.98

49.71
-2.27

131.86
-2.26

123.76 127.24 125.47 130.18 131.71 128.59 131.71 125.47 127.24 130.18 123.76
132.27

131.86

52.70

-1.21

56.36

68.01
-2.58

67.16

3-Na

-0.97
124.18

2.95
130.54

1.72
127.13

0.21
125.53

2.84
131.74

1.18

129.18

2.84
131.74

4.92
130.54

—-0.05
125.53

—0.01
127.13

1.03
124.18

-2.26
132.27

-2.18
129.63

-3.01
68.15

69.86
-0.73

51.09
-0.89

3-K

-1.77 -1.85 -0.61 —-0.10 0.01 5.28 2.87 1.77 2.87 0.27 1.61 3.31 -0.61 -1.85

245

-2.02

Also listed are the changes of chemical shift after complexation (A4).

upon complexation were observed for almost all spectral
peaks. It is noted that most changes of the protons and '*Cs
on the macroring are to lowfield with few exceptions. It is
understandable because the metal ions are electron-pulling,
deshielding the nuclei. For the protons on the sidearms, how-
ever, more are shifted to the lowfield (for 1 and 3 but not for
2), whereas for '°C, all but the first 3 '*Cs are shifted to
lowfield. This means that the electronic structure on both the
macroring and sidearm is perturbed by complexation but the
macroring nuclei are more shielded while the side-arm nuclei
are less shielded. This fact implies a picture of the electrons
being ‘pushed’ to the sidearm from the macroring as a result
of adding alkali metal ions to the ethers. This picture is helpful
in understanding the formation of weak H-bonds between a
sidearm proton and an oxygen or nitrogen on the macroring.

For all compounds, the largest relative change occurs on
protons and '>C at b, ¢ and d sites. The spectral change on the
sidearm protons or *Cs is less appreciable than that on macror-
ing. This is reasonable since the metal ions are placed within
the macroring. The change of the sidearm protons or '>Cs,
although smaller, indicates that complexation also causes glob-
al change of the molecular structure. It is also noted that the
protons (or the carbon bonded with it) corresponding to the H-
bond donor (e.g., the No. 9 proton or carbon of 2-Na or 2-K)
show largest changes in chemical shift as shown in Tables 2 and
3. The strongest cross peaks (implying largest J-couplings) in
LR-COSY were also observed for those protons and the proton
b (or ¢) on the macroring (see later).

On the other hand, the difference between sodium and
potassium complexes is also clearly shown although it is
much less pronounced than between complexes and pure
ethers.

The major features are the same for all the three com-
plexes but the size of the sidearm (differing in the number
of aromatic rings) does have observable effect on the proton
and "°C chemical shifts as seen in the spectra and Tables 2
and 3.

Approximately the chemical shift change of proton b, ¢ and
d is proportional to the number of aromatic rings on the side-
arm. The change of proton ¢ is most pronounced. This is not
surprising if we recognize that the proton ¢ has strongest cross-
peak with the sidearm proton that is the H-bond donor (the
shortest distance between the metal ions and proton ¢, as shown
in the X-ray result, might also be a factor). However, the largest
change of '*C spectra varies depending on the number of side
arms and the type of the complexed ions, as shown in Table 3
(first 4 columns).

Moreover, the change upon addition of sodium ions is larger
than that upon addition of potassium ions. This is an interesting
observation because it implies that ion radius has important
effect on the shift: smaller ion radius causes larger change in
chemical shift of protons in the molecule.

3.2. Conventional 2D homonuclear and heteronuclear spectra

The unambiguous evidence for the existence of the possible
weak hydrogen bond as indicated by the J-coupling between a
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sidearm proton and macroring proton (proton c), however, is
not sufficient merely from 1D proton or '*C spectra. Further-
more, for all these compounds, conventional 'H cosy,
TOCSY and '"H-"2C HSQC spectra do not show cross peaks
caused by hydrogen bonds either. An example of the HSQC
spectra is shown in Fig. 1 (more can be found in Supporting
Information).

(a) 2 =

&3 -"H (ppm)

-

T T T T T
140 120 100 80 60 40

@4 -"*C (ppm)

(b)

&4 -'H (ppm)

T T T T T
140 120 100 80 60 40

@4 -"*C (ppm)

€

&4 -'H (ppm)

T T T T T
140 120 100 80 60 40

@4 -1*C (ppm)
Fig. 1. HSQC spectra of 3 (a), its sodium complex (b) and its potassium

complex (c). The changes observed as a result of complexation are observable
but cannot indicate the existence of the weak hydrogen bonding.
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Fig. 2. "H NOESY of sample 2 (a) and its potassium complex (b) with mixing
time of 200 ms. Strong cross peaks between sidearm protons and macroring
protons indicate that the short spatial distance between each pair of the protons.
However, most of these coupling pairs do not mean hydrogen bonds between
one of the protons and the oxygen close to the other.

"H NOESY shows that the distance between the sidearm
protons and the protons b, ¢ on the macroring are less than 4 A.
A number of examples of NOESY spectra for the three com-
plexes are shown in Fig. 2. While the close distances suggest
the favorable condition for H-bonding, in NMR, the distance
constraint alone, however, cannot be regarded as the sufficient
evidence for the occurrence of the H-bond. To some extent, to
suggest the existence of hydrogen-bond based on the short
distances observed by NOESY is similar to X-ray diffraction,
the inadequacy of NOESY criterion implying that extra caution
should be taken in claiming the existence of hydrogen bonds
based on X-ray data alone.

3.3. 2D proton LR-COSY spectra

The unambiguous evidence comes from the long-range
COSY which has the advantage of detecting weak J-coupling
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by using an extra evolution period in the indirect dimension of
proton correlation spectra.

The LR-COSY spectra of the three complexes are shown in
Figs. 3 4 and 5, respectively. Evident cross peaks between the
sidearm proton(s) and micro-ring proton(s) are clearly shown
for all these compounds. However, not all those short-distance
separated protons as observed in NOESY show hydrogen-
bonding cross peaks. Understandably, the most pronounced
cross peaks arise from the macroring protons b, ¢ and the
sidearm proton that is the H-bond donor.

All the H-bonds deduced from X-ray crystallography were
observed in LR-COSY. In addition, surprisingly, one more H-
bond (i.e., from the sodium complex of compound 1) was
detected in LR-COSY that was not reported in X-ray study
[1,2].

No cross peaks were observed for pure ethers. This means
that the H-bonds are induced by complexation. This is consis-
tent with the X-ray results.

(a)

- ’ " @e L7

@, -'H (ppm)
(4]
1

(b) "

&, -"H (ppm)
(4]
1

@4 -'H (ppm)

Fig. 3. LR-COSY of 1 complexed with sodium (a) and potassium (b). Appre-
ciable cross peaks between the protons on the macroring and those on the
sidearm are shown. The arrows indicate the cross peaks caused by the J-
coupling between the protons (H,, H6) involving the weak C—H~O hydrogen
bonding.

(@) ;W

£ s ,
&
T
~
3
A v 4
i & RS

8 7 6 5 4 3
@4 -'H (ppm)
(b) i = ™
3 1 —ap s
- Y .
4 * ’
£ 5 4
=X
T,
3
7 - l
s u Lo
[ ] L |
B . .ﬁ- L
T T T T T T
8 7 8 5 4 3
@4 -'H (ppm)

Fig. 4. LR-COSY of 2 complexed with sodium (a) and potassium (b). Appre-
ciable cross peaks between the protons on the macroring and those on the
sidearm are shown. The arrows indicate the cross peaks caused by the J-
coupling between the protons (Hy/H,, H9) involving the weak C—HO hydro-
gen bonding.

3.4. Evaluation of the hydrogen-bond strength

The J-coupling constants were measured precisely from the
LR-COSY spectra based on the approach proposed previously
[40—42] and the strongest J-couplings are summarized in Table
4. One example of the structures of the complexes is shown in
Fig. 6, indicating the positions of the hydrogen bonds and the J-
coupling partners. For those weaker cross peaks caused by
smaller J-couplings, line broadening effects such as from relax-
ation and magnetic field inhomogeneity may cause much larger
errors in evaluation of J-couplings. Therefore, only the largest
splittings from J-coupling are reported in this work. The mea-
surement errors may also contribute to the difference of the J-
coupling values in different magnetic fields because the long-
range COSY cross peaks are generally noisy, particularly for
those caused by weak J-couplings.

It is clear that these values are normally in the range of a few
hertz. This should not be surprising considering the weak
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Fig. 5. LR-COSY of 3 complexed with sodium (a) and potassium (b). Appre-
ciable cross peaks between the protons on the macroring and those on the
sidearm are shown. The arrows indicate the cross peaks caused by the J-
coupling between the protons (H,, H13) involving the weak C—H-O hydrogen
bonding.

magnitude of hydrogen bonding. Although much efforts have
been devoted to understanding the properties of CHO bonds
[5—22], no quantitative formula analogous to Karplus equation
describing three-bond J-coupling has been proposed.

While it is not feasible at this moment to deduce the precise
strength of the hydrogen bonds caused by metal ionic complex-
ation, the J-coupling constant of the bonding partners can be
used as a good indicator for the strength of the bonds. By
comparing those protons with largest J-couplings with the dis-
tances evaluated from NOE relaxation rates, it was found that
the distances between those protons indicate that the CH-O
bonds are approximately linear, in good agreement with the
theoretical results of Houk et al. [13] drawn from calculations
on simpler systems.

These values are comparable to the results of Meadows et al.
[1,2] and an approximate, proportional relation between the
hydrogen bond strength and J-coupling constant can be

Table 4

The largest indirect coupling constants connected to the hydrogen bonds in
sodium/potassium ion complexes of lariat ethers measured by averaging the
values obtained in magnetic fields 11.7 and 7.05 T, respectively

Sample J (Hz)? Estimated H-bond strength (kJ/mol)®
1-Na 2.8(b—6) ~3.0
1K 3.2(b-6) ~3.0
2-Na 3.4(b,c—9) ~32
2K 3.8(b,c—9) ~3.3
3-Na 3.9(c—13) ~3.5
3-K 4.3(c—13) ~3.5

* The symbols given in the parentheses identify the coupled protons num-
bered according to Table 1.
® Data estimated from Ref. [2].

obtained. The real H-bond strength in liquid state, however,
may be weaker than that listed in Table 4 because the crystal
packing effect may cause an increase in the hydrogen bonding
strength.

3.5. Comparison with X-ray results

Table 5 lists the less common H-bonds found in these
compounds by X-ray and solution NMR. First, it is worth to
note that the there is one H-bond that was observed in com-
pound 1 by LR-COSY was not suggested based on X-ray
crystallographic data. It is not clear whether this discrepancy
is because that the solution structure differs from crystal struc-
ture. The NMR result, however, is unambiguous about the
existence of this H-bond. To our best knowledge, this phenom-
enon was not reported before. Considering the physiological or
biological environment is more similar to solution rather than to

Fig. 6. The formation of the less common CH...O hydrogen-bonds between
oxygen on the macro-ring and hydrogen on the sidearm of lariat ethers as a
consequence of their complexation with alkali metal ions can be unambiguously
identified with one- and two-dimensional NMR spectroscopy. The structure of
sample 3-Na, showing macro-ring collapse and the H-bond partners (dashed
line). The structures of other complexes are similar except that the sidearms are
replaced according to Table 1.
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Table 5

Comparison between the X-ray and NMR results on H-bonding in the lariat
ether complexes (O means H-bonds were observed and x means no H-bond was
detected)

Compound NMR

1
1-Na
1-K
2
2-Na
2-K
3
3-Na
3-K

>
2
<

OO0 X000 XxX0O0 X
OO0 *x0O00 X0 x X

crystalline state, the NMR result should be taken into account
when the hydrogen bonds are used for interpreting, e.g., enzy-
matic catalysis.

In addition, the protons on the two sidearms of 1-K and 2-K
show significant differences in the X-ray result [1]. From the
spectra shown in Figs. 3 and 4, these protons, however, do not
show any difference in NMR spectra of solutions.

Recent interest in the less common hydrogen-bonding in
biological molecules has been growing. A number of groups
investigated the presence and effects of C—H~O bonding in
DNA systems [23—30] and in proteins [31-33]. Use of this type
of hydrogen-bonding in NMR determination of proteins has
also been proposed and demonstrated by a number of groups
[43—-47]. We believe this work offers an approach that does not
require '°N or 7O isotopic enrichment while acquiring unam-
biguous evidence for detection of weaker H-bonds.

Further studies include quantum chemistry calculations of
the wavefunctions, hydrogen-bonding strength so that the
mechanism and implication of the hydrogen-bonding of this
type can be revealed in full detail.

4. Conclusions

In light of the fundamental understanding of hydrogen bond
formation that electronic wavefunction overlap between the
bonding partners, we have shown in this work that 1D and
2D proton NMR spectroscopy can be employed to provide
most direct, definite and accurate evaluation on the existence
of the less common hydrogen bond C—H~O in lariate ethers
and their metal complexes. It is also shown clearly that the
relatively short spatial distance does not necessarily mean hy-
drogen-bonding as indicated by NOESY spectra. Compared
with other techniques used in other publications, NMR method
is technically sophisticated and offers results that are more
irrefutable. There exists a straightforward correspondence be-
tween the presence of hydrogen bonding and cross peaks in
proton homonuclear correlation spectra. The occurrence of C—
H-~O hydrogen bonding in metal complexes of lariat ethers thus
has been verified. The fact that we have observed the cross
peaks in the correlation spectra of Na complex of compound 1
reminds us to scrutinize the conclusion in previous publications
that C—H~O hydrogen bonding claimed not to exist in that
compound. To resolve this problem from a different, interesting

perspective, however, we are preparing '°N enriched samples
for ""N/'H heteronuclear correlation spectroscopy. The related
results will be presented elsewhere. Further work underway in
this lab includes the documentation of proton (and '>C, '*N)
spectra with different ion strengths and the correlation between
J-coupling constant and hydrogen-bond strength.

Acknowledgement

This work was supported by the National Science Council of
the Republic of China (contract No NSC-90-2113-M-110-011,
NSC-91-2113-M-110-018, NSC-91-2113-M-110-002) as well
as the Program for Promoting University Academic Excellence
funded by the Ministry of Education (contract No A-91-N-
FAO1-2-4-5, A-92-N-FA01-2-4-5). Technical assistance of
Ms. Chao-Lien Ho is warmly appreciated.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at 10.1016/j.bpc.2006.01.002.

References

[1] E.S. Meadows, S.L. De Wall, L.J. Barbour, F.R. Fronczek, M.-S. Kim, G.
W. Gokel, Structural and dynamic evidence for C—H--O hydrogen bonding
in lariat ethers: implications for protein structure, J. Am. Chem. Soc. 122
(2000) 3325-3335.

[2] E.S. Meadows, S.L. De Wall, L.J. Barbour, G.W. Gokel, 1- and 2-
Naphthylmethyl sidearms of isomeric bibracchial lariat ethers significantly
affect alkali metal cation complexation, Chem. Comm. 16 (1999)
1555—-1556.

[3] H.H. Limbach, Guest editorial: NMR spectroscopy of hydrogen-bonded
system, Magn. Reson. Chem. 39 (2001) S1-S2.

[4] G.W. Buchanan, Nuclear magnetic resonance studies of crown ethers,
Progr. NMR Spectrsc. 34 (1999) 327-377.

[5] S. Tsuzuki, T. Uchimaru, K. Tanabe, T. Hirano, Conformational analysis of

1,2-dimethoxyethane by ab initio molecular orbital and molecular

mechanics calculations: stabilization of the TGG’ rotamer by the 1,5

CH_{3}/0 nonbonding attractive interaction, J. Phys. Chem. 97 (1993)

1346-1350.

C. Vizioli, M.C. Ruiz de Azua, C.G. Giribet, R.H. Contreras, L. Turi, J.J.

Dannenberg, 1.D. Rae, J.A. Weigold, M. Malagoli, Proximity effects on

nuclear spin—spin coupling constants: 1. J(CH) couplings in the vicinity of

an atom bearing lone pairs, J. Phys. Chem. 98 (1994) 8858-8861.

[7]1 J.A. Erickson, J.I. McLoughlin, Hydrogen bond donor properties of the
difluoromethyl group, J. Org. Chem. 60 (1995) 1626—1631.

[8] L. Turi, J.J. Dannenberg, Molecular orbital studies of the nitromethane—
ammonia complex. An unusually strong C—H-N hydrogen bond, J. Phys.
Chem. 99 (1995) 639-641.

[9] L. Alkorta, S. Maluendes, Theoretical study of CH...O hydrogen bonds in
H,0—-CH;F, H,O-CH,F,, and H,O—CHFj3, J. Phys. Chem. 99 (1995)
6457-6460.

[10] G.R. Desiraju, The C—HO hydrogen bond: structural implications and
supramolecular design, Acc. Chem. Res. 29 (1996) 441-449.

[11] R.L. Ornstein, Y. Zheng, Ab initio quantum mechanics analysis of
imidazole C—H~O water hydrogen bonding and a molecular mechanics
forcefield correction, J. Biomol. Struct. Dyn. 14 (1997) 657-665.

[12] J.J. Novoa, F. Mota, Substituent effects in intermolecular C(sp3)—H .0
(sp) contacts: how strong can a C(sp’)—H ...O(sp>) hydrogen bond be?
Chem. Phys. Lett. 266 (1997) 23-30.

[13] K.N. Houk, S. Menzer, S.P. Newton, F.M. Raymo, J.F. Stoddart, D.J.
Williams, [C—H-O] Interactions as a control element in supramolecular

[6

=


http://dx.doi.org/doi:10.1016/j.bpc.2006.01.002

S. Ding et al. / Biophysical Chemistry 121 (2006) 75-83 83

complexes: experimental and theoretical evaluation of receptor affinities
for the binding of bipyridinium-based guests by catenated hosts, J. Am.
Chem. Soc. 121 (1999) 1479-1487.

[14] Y. Gu, T. Kar, S. Schneier, Fundamental properties of the C—H-O
interaction: is it a true hydrogen bond? J. Am. Chem. Soc. 121 (1999)
9411-9422.

[15] A.J. Dingley, J.E. Masse, R.D. Peterson, J. Geigon, S.J. Grzesiek,
Internucleotide scalar couplings across hydrogen bonds in Watson—Crick
and Hoogsteen base pairs of a DNA triplex, J. Am. Chem. Soc. 121 (1999)
6019-6027.

[16] V. Galasso, Theoretical study of structure and NMR properties of the p-
hydrido-bridged cyclodecyl cation and related systems, Int. J. Quant.
Chem. 70 (1998) 313-320.

[17] C. Scheurer, R. Bruschweiler, Quantum-chemical characterization of
nuclear spin—spin couplings across hydrogen bonds, J. Am. Chem. Soc.
121 (1999) 8661-8662.

[18] J.E. del Bene, S.A. Perera, R.J. Bartellet, Hydrogen bond types, binding
energies, and '"H NMR chemical shifts, J. Phys. Chem., A 103 (1999)
8121-8124.

[19] M. Pecul, J. Leszcynski, The shielding constants and scalar couplings in
N-H~O=C and N-H-“N=C hydrogen bonded systems: an ab initio MO
study. J. Sadlej, J. Phys. Chem. 104 (2000) 8105-8113.

[20] M. Pecul, J. Leszcynski, J. Sadlej, Comprehensive ab initio studies of
nuclear magnetic resonance shielding and coupling constants in XH~O
hydrogen-bonded complexes of simple organic molecules, J. Chem. Phys.
112 (2000) 7930-7938.

[21] H. Benedict, I.G. Shenderovich, O.L. Malkina, V.G. Malkin, G.S. Denisov,
N.S. Golubev, H.H. Limbach, Nuclear scalar spin—spin couplings and
geometries of hydrogen bonds, J. Am. Chem. Soc. 122 (2000) 1979-1988.

[22] J.E. del Bene, S.A. Perera, R.J. Bartellet, Predicted NMR coupling
constants across hydrogen bonds: a fingerprint for specifying hydrogen
bond type? J. Am. Chem. Soc. 122 (2000) 3560-3561.

[23] M. Egli, R.V. Gessner, Stereoelectronic effects of doexyribose O4’ on
DNA conformation, Proc. Natl. Acad. Sci. U. S. A. 92 (1995) 180—184.

[24] I Berger, M. Egli, A. Rich, Inter-strand C-H+O hydrogen bonds
stabilizing four-stranded intercalated molecules: stereoelectronic effects
of O4’ in cytosine-rich DNA, Proc. Natl. Acad. Sci. U. S. A. 93 (1996)
12116-12121.

[25] P. Auffinger, E. Westhof, H-bond stability in the tRNA(Asp) anticodon
hairpin: 3 ns of multiple molecular dynamics simulations, Biophys. J. 71
(1996) 940-954.

[26] M.C. Wahl, S.T. Rao, M. Sundaralingam, The structure of ((UUCGCG)
has a 5’-UU-overhang exhibiting Hoogsteen-like trans U-U base pairs,
Nat. Struct. Biol. 3 (1996) 24-31.

[27] S. Metzger, B. Lippert, A metalated guanine, cytosine base quartet with a
novel GC pairing pattern involving H(5) of C, J. Am. Chem. Soc. 118
(1996) 12467—-12468.

[28] P. Auffinger, E. Westhof, Rules governing the orientation of the 2’-
hydroxyl group in RNA, J. Mol. Biol. 274 (1997) 54-63.

[29] R.K.O. Sigel, E. Freisinger, S. Metzger, B. Lippert, Dimerization of a
metal-modified guanine, cytosine pair of trans-(NHs),Pt" and formation of
C—H-N hydrogen bonds, J. Am. Chem. Soc. 120 (1998) 12000—-12007.

[30] .M. Raymo, M.D. Bartberger, K.N. Houk, J.F. Stoddart, The magnitude
of [C-H~O] hydrogen bonding in molecular and supramolecular
assemblies, J. Am. Chem. Soc. 123 (2001) 9264-9267.

[31] Z.S. Derewenda, L. Lee, U. Derewenda, The occurrence of C—H+O
hydrogen bonds in proteins, J. Mol. Biol. 252 (1995) 248-262.

[32] J. Bella, H.M. Berman, Crystallographic evidence for C*-H+O=C
hydrogen bonds in a collagen triple helix, J. Mol. Biol. 264 (1996)
734-742.

[33] R.A. Musah, G.M. Jensen, R.J. Rosenfeld, D.E. McRee, D.B. Goodin, S.
W. Bunte, Variation in strength of an unconventional C—H to O hydrogen
bond in an engineered protein cavity, J. Am. Chem. Soc. 119 (1997)
9083-9084.

[34] P. Hobza, V. Spirko, H.L. Selzel, E.W. Schlag, Anti-hydrogen bond in the
benzene dimer and other carbon proton donor complexes, J. Phys. Chem.,
A 102 (1998) 2501-2504.

[35] P. Hobza, V. Spirko, Z. Havlas, K. Buchhold, B. Reimann, H.-D. Barth, B.
Brutschy, Anti-hydrogen bond between chloroform and fluorobenzene,
Chem. Phys. Lett. 299 (1999) 180—186.

[36] P. Hobza, Z. Havlas, The fluoroform...ethylene oxide complex exhibits a
C—H-O anti-hydrogen bond, Chem. Phys. Lett. 303 (1999) 447-452.

[37] V.J. Gatto, K.A. Arnold, A.M. Viscariello, S.R. Miller, C.R. Morgan, G.W.
Gokel, Syntheses and binding properties of bibracchial lariat ethers
(BiBLEs): survey of synthetic methods and cation selectivities, J. Org.
Chem. 51 (1986) 5373-5384.

[38] V.J. Gatto, G.W. Gokel, Syntheses of calcium-selective, substituted diaza-
crown ethers: a novel, one-step formation of bibracchial lariat ethers
(BiBLES), J. Am. Chem. Soc. 106 (1984) 8240—8244.

[39] K. Kubo, R. Ishige, N. Kato, E. Yamamoto, T. Sakurai, Synthesis and
complexation behavior of N,N'-Bis(1-naphthylmethyl)-1,4,10,13-tetraoxa-
7,16-diazacyclooctadecane, Heterocycles 45 (1997) 2365-2379.

[40] J.J. Titman, J. Keeler, Measurement of homonuclear coupling constants
from NMR correlation spectra, J. Magn. Reson. 89 (1990) 640—-646.

[41] L. Mclntyre, R. Freeman, Accurate measurement of coupling constants by
J doubling, J. Magn. Reson. 96 (1992) 425-431.

[42] T. Szyperski, P. Giintert, G. Otting, K. Wiithrich, Determination of scalar
coupling constants by inverse Fourier transformation of in-phase multi-
plets, J. Magn. Reson. 99 (1992) 552-560.

[43] A. Dingley, S. Grzesiek, Direct observation of hydrogen bonds in nucleic
acid base pairs by internucleotide *Jy couplings, J. Am. Chem. Soc. 120
(1998) 8293-8297.

[44] F. Cordier, S. Grzesiek, Direct observation of hydrogen bonds in proteins
by interresidue *"Jyc scalar couplings, J. Am. Chem. Soc. 121 (1999)
1601-1602.

[45] A. Wong, G. Wu, Solid-state >*Na Nuclear magnetic resonance of sodium
complexes with crown ethers, cryptands, and naturally occurring antibiotic
ionophores: a direct probe to the sodium-binding sites, J. Phys. Chem., A.
104 (2000) 11844—11852.

[46] C.L. Perrin, B.K. Ohta, Symmetry of N—-H—N hydrogen honds in 1,8-Bis
(dimethylamino) naphthalene-H" and 2,7-dimethoxy-1,8-bis (dimethyla-
mino) naphthalene-H", J. Am. Chem. Soc. 123 (2001) 6520-6526.

[47] F. Cordier, M. Barfield, S. Grzesiek, Direct observation of C*~H*:--O=C
hydrogen bonds in proteins by interresidue "*J4c- scalar couplings, J. Am.
Chem. Soc. 125 (2003) 15750-15751.



	One and two dimensional 1H and 13C high resolution NMR investigation of lariat ethers and their.....
	Introduction
	Experimental section
	Synthesis of lariat ethers
	Sample preparation
	NMR spectroscopy

	Results and discussions
	1D proton and carbon-13 spectra
	Conventional 2D homonuclear and heteronuclear spectra
	2D proton LR-COSY spectra
	Evaluation of the hydrogen-bond strength
	Comparison with X-ray results

	Conclusions
	Acknowledgement
	Supplementary data
	References


