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Abstract: A new class of receptor mol-
ecules is presented that is highly selec-
tive for N-alkylpyridinium ions and
electron-poor aromatics. Its key feature
is the combination of a well-preorgan-
ized molecular clip with an electron-
rich inner cavity and strategically
placed, flanking  bis-phosphonate
monoester anions. This shape and ar-
rangement of binding sites attracts pre-
dominantly flat electron-poor aromat-
ics in water, binds them mainly by m—

interactions, and leads to their highly
efficient desolvation. NAD?* and
NADP, the important cofactors of
many redox enzymes, are recognized
by the new receptor molecule, which
embraces the catalytically active
nicotinamide site and the adenine unit.
Even nucleosides such as adenosine
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are likewise drawn into the clip’s
cavity. Complex formation and struc-
tures were examined by one- and two-
dimensional NMR spectroscopy, Job
plot analyses, and isothermal titration
microcalorimetric (ITC) measurements,
as well as quantum chemical calcula-
tions of '"H NMR shifts. The new recep-
tor molecule is a promising tool for
controlling enzymatic oxidation pro-
cesses and for DNA chemistry.

cation, -, CH-m, and hydrophobic

Introduction

Many enzymes use NAD™T or NADP as cofactors for stereo-
selective oxidations or reductions. Thus, dehydrogenases cat-
alyze the oxidation of secondary alcohols to carbonyl com-
pounds or the reverse process, decarboxylases facilitate CO,
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extrusion from carboxylic acids, while many more related
processes in various biosynthetic pathways all rely on the
use of NAD*.'¥ In the enzyme protein environment the
pyridinium unit of NAD™ is usually noncovalently buried in
a cleft called the Rossman fold.F! Adenine and nicotin-
amide are both immerged in cavities with at least one hy-
drophobic side, facilitated by strong hydrophobic interac-
tions and dispersive forces.® Additional electrostatic inter-
actions and hydrogen bonds with basic amino acids are used
to keep the phosphate anions in place. We asked ourselves
whether such a microenvironment might be imitated by arti-
ficial receptor molecules, which could in turn act as carriers
for this important cofactor. To this end we joined our efforts
and combined two powerful binding motifs into a new class
of synthetic hosts for N-alkylpyridinium ions.

State of the art: In recent years the m—cation interactionl’*!
has been shown to be a major noncovalent force used in nu-
merous proteins.> Consequently, theoretical investiga-
tions have detailed the electrostatic, hydrophobic and dis-
persive contributions to this attraction, which works so well
in aqueous solution.”**! In the past decade, several groups
have designed macrocyclic receptor structures with embed-
ded electron-rich aromatic moieties, which use the m—cation
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interaction to bind organic cations such as quaternary am-
monium ions,” =" guanidinium ions,*"*? and N-alkylpyridi-
nium ions.***) However, these macrocyclic structures have
a different selectivity towards their substrates; most of them
prefer spherical over flat guests.

An alternative approach consists of designing molecular
clips that offer a high degree of preorganization and are
usually quite selective for flat electron-poor guests. Porphyr-
in clips derived from diphenylglycoluril have been shown to
accommodate N-alkylpyridinium cations (e.g., viologen cat-
ions) between their tips.””! Unfortunately, they also bind to
electron-rich aromatics like pyridine, hydroxypyridine, and
phenols.”® In addition, to date they have been only studied
in organic solution.’”! Three earlier reports have appeared
on molecular recognition of NAD® by artificial hosts:
Schmidtchen™! used a macrocyclic anion receptor to com-
plex the bis-phosphate bridge of NAD*. Lehn et al.*! pre
sented mono- or bisacridinium-functionalized azacrown
ethers, which complex nucleotide anions; a little later, Bian-
chi etal.® studied azacrowns in their protonated form,
which also embrace the diphosphate core of NAD™. Cyclo-
voltammetric measurements indicated significant alterations
in the electrochemical behavior of the NAD*/NADH
couple due to its complexation by the azacrown. However,
in all three cases, NAD" complexation mainly involves the
interaction of the positively charged host with the diphos-
phate anion, and not with the catalytically active nicotina-
mide moiety. This, however, is a major prerequisite for se-
lective interference with dehydrogenases aimed at complex-
ation of their cofactor.

Design: During the past few years Kldrner et al. have intro-
duced various molecular tweezers and clips designed for the
inclusion of electron-poor guests such as aromatics with —M
substituents, pyridinium cations, or even sulfonium -cati-
ons.[*”! These guests were mainly bound by i—m, CH-x, and
n—cation interactions inside their electron-rich concave
cavity.””! However, due to the lipophilic nature of these
hosts, molecular recognition was restricted to organic sol-
vents, mainly chloroform. Introduction of hydrophilic
OCH,CO;R substituents in the central arene spacer units of
the tweezers and clips led to an unfavorable folding of these
side chains toward the receptor cavity and prevented effi-
cient binding in polar solution.**! Schrader et al. have used
convergent bis-phosphonate anions extensively for recogni-
tion of ammonium alcohol and guanidinium."¥%! These
electron-poor guests are bound by the bis-phosphonate
hosts in a chelate arrangement that maximizes electrostatic
attraction and establishes at the same time a network of
ionic hydrogen bonds. In a joint effort we have now adorned
the molecular clip 1 with short phosphonate monoester
anions and obtained water-soluble host molecules lab
(Figure 1).*) They not only have an open cavity, but they
are also flanked by two negatively charged functionalities
for additional ion pairing with cationic guests. Molecular
modeling studies (molecular mechanics calculations in
water, MacroModel 7.1, Amber*)*"*! suggested that pri-
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Figure 1. Left: Structures of clips 1a—g. Right: Schematic design of the
new hybrid receptor system as electron-rich molecular clip and bis-phos-
phonate tweezer.

mary ammonium cations, including ammonium alcohols like
adrenaline or aminosugars, should fit into the clip, whereas
bulky substituents, as in tertiary and quaternary ammonium
salts such as alkaloids or acetylcholine should be rejected.

Results

Synthesis of bis-phosphonate clips 1a,b: The synthesis of
lab followed a straightforward modular strategy
(Scheme 1). The deprotonated form of hydroquinone clip 1¢

9
HO— P R
R o R! o 1.) THF. NEt;, R
I 0°C—>RT
+  2R-P—Cl .
R2 R2 C‘l 2)25 /oHClaq R2
on n-Hexane
R— lﬁ OH
1R R =) 0
2¢:R,R?=H 1d,2d: R = Me
le,2¢: R=Ph

(n-Bu),N* Ol
MeOH

1a, 2a: R = Me; 66%

1b: R = Ph; 24%

2b: R = Ph; 50%
Scheme 1. Synthesis of bis-phosphonate clips 1a and 1b and model com-
pounds 2a and 2b.

was treated with methyl- or phenylphosphonic acid dichlor-
ide, followed by hydrolysis of the remaining chloro substitu-
ents. The resulting acids 1d,e were subsequently deprotonat-
ed with a suitable base in a precision titration providing the
desired counterion, for example, for maximum solubility.
With tetra-n-butylammonium counterions, the bis-phospho-
nate clips 1a,b are soluble in a wide range of solvents, rang-
ing from chloroform over DMSO and methanol to water.
Clips 1a,b were obtained in good to moderate yields and an-
alytically pure form. In addition to 1a,b with the whole clip
scaffold, two model compounds 2a,b were synthesized that
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lacked the naphthalene side-

NH, CL -
walls for reasons of comparison. ©/
Compounds 2a,b turned out to

be valuable tools for identifica- 3

tion of proton-transfer process- no shifts
es and other unspecific binding
events.

NH,' a”
Binding experiments: The pos- .
sible self-association of pure HN N
clip 1a in D,O was investigated
by means of the concentration 7
dependence of its 'HNMR no shifts

spectrum (Supporting Informa-
tion: Table S1). No significant
changes in the chemical shifts
of the clip protons (ca.
0.033 ppm) were observed after
dilution of the solution of 1a by
a factor of 32 ([1a]=2.70- 11
0.084mm), and this indicates
negligible tendency of clip 1a
for self-association in aqueous
solution. However, the larger
'H NMR downfield shifts found
for the NCH,CH, protons
(A6=0.138 and 0.112 ppm) of
the tetra-n-butylammonium cation in 1a on dilution is initial
evidence for complexation of the cation inside the clip
cavity (vide infra).

In preliminary experiments 1:1 mixtures of methylphosph-
onate clip 1a and representatives of various classes of or-
ganic cations 3-14 were examined for their ability to form
host-guest complexes in polar solvents (data for a selection
of cations are given in Table 1). The functional groups range

201

H

small shifts

"H NMR detection.

Table 1. Binding constants K, [M~'] for 1:1 complexes between primary ammonium salts and the methyl-
phosphonate clip 1a or phenylphosphonate clip 1b in various solvents, determined by 'H NMR titrations at

20°C.
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Scheme 2. Potential cationic guest molecules: ammonium salts 3—6, guanidinium and imidazolium derivatives
9-12 (which may serve as models for basic amino acid side chains), and pyridinium chloride 13, as well as the
neutral nicotinamide 14 are not included into the cavity of clip 1a in aqueous solution within the limits of

1a), which is positioned inside the clip cavity in water (vide
infra), by one of these cations is energetically not favored.
In methanol the phosphonate anions in la are certainly
more basic than in water and may deprotonate the N-H-am-
monium or -iminium groups instead of forming a complex.
Since the cations shown in Scheme 2 are the major compo-
nents in all side chains of basic amino acids, we assume that
the new bis-phosphonate clip 1a does not bind to solvent-
exposed amino acid residues on
protein surfaces. Control ex-
periments with histidine and ar-
ginine derivatives confirmed

Guest K, (1a, DMSO) K, (1b, DMSO)

K, (1a, MeOD)

K, (1a,D,0) this assumption: no binding

aniline-HCI 3 acid-base reaction -
benzylamine-HCI 5 2400 (£8 %)t 2100 (£9 %)
propylamine-HCI 6 - 6500 (£44 %)

acid-base reaction -
no shifts
no shifts

occurs even with the isolated
N/C-protected cationic amino

no shifts acids 8 and 12 in equimolar

[a] The calculated errors represent standard deviations resulting from the curve-fitting procedure. —=not de-

termined.

from aliphatic and aromatic primary ammonium cations
over imidazolium and guanidinium ions, to N-H, N-alkyl-,
and N-arylpyridinium or -pyrazinium compounds. In metha-
nol and water, no binding could be observed for any of the
ammonium, N-H-pyridinium, -imidazolium, or -guanidinium
cations shown in Scheme 2. The nonexistent affinity in water
or methanol for the pyridinium, imidazolium, and guanidini-
um cations is surprising in view of their flat nature. We
assume that in these cases the displacement of one of the
tetra-n-butylammonium cations (used as counterion in clip

Chem. Eur. J. 2005, 11, 477—-494 www.chemeurj.org

amounts with clip la
(Scheme 2). Histidine’s pro-
nounced tendency for proton
transfer renders the evaluation
of the respective binding experiments problematic. Al-
though in both histidine derivatives 10 and 12 considerable
shifts occurred in the imidazolium ring, these do not neces-
sarily indicate inclusion inside the cavity. Because of histi-
dine’s low pK, of about 6, dissociation is even observed
during dilution, and in unbuffered solution proton transfer
to the host releases the free base at the end of most titra-
tions. This even occurred in the binding experiment of 12
with 1a in a 65-fold excess of buffer (sodium hydrogenphos-
phate, pH 7). However, since no shifts were observed for
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the host, experimental evidence
indicates that histidine deriva-
tives are not included in the
cavity. Since p-xylylene bis-
phosphonates have been shown
to complex primary ammonium
cations in less polar solvents,
we checked the ability of clip
lab to recognize these guests
in DMSO. This time, moderate
chemical shifts were produced
in the 'HNMR signals of the
host and guest protons, and
well-defined binding isotherms were obtained, which al-
lowed excellent fits for a 1:1 stoichiometry.**=! Job plots in
the same solvent confirmed this assumption.’>>! The associ-
ation constants are on the order of 10°m™" and agree very
well with similar values found for adrenaline derivatives
with p-xylylene bis-phosphonates. However, in our complex-
ation experiments with clips 1a,b the maximum complexa-
tion-induced shifts Ad,,, remain relatively small (ca.
0.1 ppm) even for the guest protons. Together with the mod-
erate binding constants this makes a strong argument for a
purely electrostatic interaction

in a chelate binding mode, simi-

lar to that already found for xy-

lylene  bis-phosphonates  in

DMSO. Force-field calculations

(MacroModel 7.1, Amber*/ "92 3":5
H,0)*) suggest that in these N AN

cases the ammonium cation is LN +
030 N\ /

held by both phosphonate arms
above the central benzene ring 15
syn to the methylene bridges of
the host molecule (Figure 2).
However, as soon as an alkyl
or aryl substituent is introduced
at the ring nitrogen atom, the
resulting permanently charged
pyridinum cation is an excellent
guest for clip la. Very large
complexation-induced shifts
Ad,, of the '"H NMR guest sig- 18
nals are observed, which reach
maximum values of up to
+3.5ppm at saturation. This
time, no shifts are observed
with the model compounds
2ab lacking the naphthalene
side walls, so the strong effect
must be explained by highly ef-
ficient inclusion of the guest
molecule in the electron-rich in-
terior of the molecular clips
leading to a shielding environ-
ment for the aromatic guest
protons. The list of representa-

0.50-0.65

480 ——
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Figure 2. Left: model compound 2a lacking the side walls (side view). Middle: proposed binding mode for al-
kylammonium ions by 1 and 2 in DMSO. Right: Monte Carlo simulation of complex 5-2a in chloroform (Mac-
romodel 7.1, Amber*/H,0O, 1000 steps).l*"*!

tive substrate structures (Scheme 2) proves that pyridinium
cations are generally included into the electron-rich cavity
of clip 1a, irrespective of the substitution pattern or the
electronic character of functional groups attached to the
heterocycle. But also other types of heterocycles, such as
pyrazinium or imidazolium cations 16 or 21 (Scheme 3),
form stable complexes with clip 1a. The complexation of
the tetra-n-butylammonium cation inside the clip cavity
could be detected by the use of the lithium phosphonate
clip1lg.

host/guest = 2:1 mixture

20%

2.62
228 H 0
H
175 211 AN NH, |
0.11 HA HP ‘
N
—CHj — H~ "N TH
077 H,C—N+ N 1.75 L 1.24
N\, H,
0.76
16 17
0.60 049 049
HA HP HR Ph Ph
N(#-Bu), 0.85 H,C—N\+ / \ +/N OH
2BF, - Ph Ph
-0.09
19+
H;C Br~
}\J+ -
0.71
nd ] e X
NNy 033 131 B 3
/
H;C
0.81
21 n-Buy N*Br~ **

Scheme 3. Structures of N-alkyl- and N-arylpyridinium, -pyrazinium, and -imidazolium substrates 15-21 and
the maximum complexation-induced 'H NMR upfield shifts Ad,,,, of the guest protons in their 1:1 complexes
with clip 1a in water. 15-17: simple pyridinium or pyrazinium derivatives; 18-20: dyes with pyridinium-based
chromophores. * In the cases of 19* and 20* the complexation-induced '"H NMR upfield shifts (Ad,,) are given
which were observed in the '"H NMR spectra of a 1:1 mixture of 1a and 19 or 20 (each 10~*m) in aqueous solu-
tions. ** In the case of nBu,N*Br the 'H NMR titration was performed with the lithium salt 1g as host.
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'H NMR titrations: The maximum complexation-induced
shifts A binding constants K,, and hence the Gibbs en-
thalpies of association AG, were determined by means of
"H NMR dilution titration experiments, which offer the op-
portunity to observe the complexation-induced shifts in both
components (host and guest) at the same time. They also
allow the binding curves to be determined for very stable
complexes, which is mostly not feasible by means of “con-
ventional” NMR titration experiments in which either the
guest or host concentration is varied, while the concentra-
tion of the other component is kept constant. In the initial
experiments, already reported in a communication,* we
calculated these data by using an iterative nonlinear regres-
sion analysis from the dependence of the complexation-in-
duced shifts of the "H NMR signals of 1a Ad,,, on dilution
of the NMR sample containing both host and guest. To
obtain comparable results we used the same three receptor
signals for each calculation. A comparison of the 'H NMR
spectra of clip 1a with those of the model compound 2a and
of mixtures of 1a with various guest molecules indicates,
however, strong interactions of the alkyl side chains of the
tetra-n-butylammonium cation with the arene units of the
clip framework in aqueous solution; these interactions are
diminished by changing the solvent from D,O over D,0/
CD;OD (1:1) to pure CD;OD (Table 2). The weak solvent

Table 2. Comparison of the '"H NMR shifts 6 of the tetra-n-butylammoni-
um protons of clip 1a, model compound 2a, and mixtures of 1a or 2a
with N-methylnicotinamide iodide (17) or NAD™ (22).

0(a-CH,) O(B-CHp) 4(y-CH,) 4(8-CHy)

Compound Solvent

1a D,O 237 0.96 0.96 0.73
D,0/CD,0DE 2,70 1.22 1.14 0.85
CD;0D 3.06 1.51 1.32 0.96
1a+17 D,0O 2.86 1.37 1.21 0.87
D,0/CD,0DE 294 1.42 1.26 0.91
CD,0D 321 1.64 1.40 1.01
1a422 D,O 2.80 1.32 1.18 0.85
D,0/CD,0D"!
D,O 3.17 1.62 1.32 0.91
2a D,0/CD,0D¥  3.20 1.64 1.41 0.98
CD,0D 320-329 1.60-1.74 1.35-1.49 1.03
2a+17 D,O 321 1.67 1.38 0.96
2a+22 D,O 322 1.67 1.38 0.97

[a] 1:1 mixture.

dependence of the chemical shifts of the NCH,CH,CH,CH;
protons in the spectrum of 2a is a good indicator that these
interactions are less important in the model compound 2a
lacking the naphthalene sidewalls.

The pronounced upfield shifts of the NCH,CH,CH,CH;
protons in the spectrum of 1a in D,O suggest that the alkyl
side chains of the tetra-n-butylammonium cation are partial-
ly included into the clip cavity (Figures3 and 4). This as-
sumption could be confirmed by the finding that the lithium
phosphonate clip 1g forms a stable complex with tetra-n-bu-
tylammonium bromide in aqueous solution. The association
constant (K,=3800+150M') and the Ad,,, values of the
guest signals (Scheme 3) were determined for the formation

Chem. Eur. J. 2005, 11, 477—-494 www.chemeurj.org
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Figure 3. 'H NMR spectra in the aromatic (top) and aliphatic regions
(bottom) of a) 17, b) mixture of 1la (¢c=9.57mm) and 17 (c=9.90 mm),
and c) clip 1a in D,0O at 25°C.

of this complex in water by '"H NMR dilution titration. Ad-
dition of an equimolar amount of N-methylnicotinamide
(17) to a solution of tetra-n-butylammonium phosphonate
clip 1a in D,O leads to a substantial downfield shift of the
signals assigned to the n-butyl protons and to an even more
substantial upfield shift of the signals assigned to the pro-
tons of 17 (relative to signals found in the spectra of pure
1a and pure 17). This finding allows us to conclude that 17
is indeed included in the clip cavity by replacing the tetra-n-
butylammonium cation, that is, it forms the more stable
complex. Similar results were obtained when NAD* (22)
was added to a solution of 1a in D,O (Figures3 and 5,
Table 2). The addition of tetra-n-butylammonium bromide
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Figure 4. Structure of 1a calculated by a Monte Carlo conformer search
(5000 structures, AMBER*/H,0, MacroModel 6.547-4),

H o
NH; f,
N N | = NH;
| \>_He b tNya
dHJ\\N N 0 o HY NP H
ou[O-P-0F-01 o
OH O
H 61 OH oH oHM
22
d
e
g,h

Host

\\ WHOSQ ﬂHost

W\ N\ ‘\\ N\
a\ \ \\ d“ \\ 1 { VY
JALg\. .‘J J L blL gﬁjﬂx

78 74 70 6.6 62 58
o /ppm

98 94 90 86 82

Figure 5. '"H NMR spectra (aromatic region) of NAD* (22) before and
after addition of clip 1a in water. Note the strong upfield shifts of the
pyridinium protons a and b, ¢ and f as well as the diverging behavior of
both anomeric protons g and h upon complexation. (See above Lewis
structure for the assignment of the guest protons.)

(0.5M) to an aqueous solution of the complex between clip
1a and N-methylnicotinamide iodide ([17-1a]=10"*m) leads
to a complete dissociation of this complex within the limits
of '"HNMR detection. Evidently, the tetra-n-butylammoni-
um cation in high concentration can again displace the N-
methylnicotinamide cation in the complex with 1a, although
it binds more weakly to 1a.

Further support for the close spatial contact between the
clip framework and the butyl groups of the ammonium cat-

482 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ions in 1a came from two-dimensional NOESY experiments.
In spectra of both 1a and a 1:1 mixture of 1a and 17 in
D,O, intense cross-peaks between the signals of the
NCH,CH,CH,CH; protons and all of the clip protons indi-
cate close spatial contacts between these protons. In D,0/
CD;OD none of these cross-peaks can be detected any
more. Apparently, methanol solvates both species individu-
ally, and the solvent shells prevent their close spatial ap-
proach, which is necessary to observe the nuclear Overhaus-
er effect. (The NOESY spectra are shown in the Supporting
Information.)

The complexation-induced shifts Ad,, of the 'H NMR sig-
nals of the guest protons were used to determine the K, and
Ad. values from the binding curves, because the larger
shifts of these signals make them a more sensitive probe for
complex formation than the host signals. In addition to the
good fit of the binding isotherms, Job plots confirmed the
assumed 1:1 stoichiometry of the inclusion complexes.
Figure 6 shows the binding curves and the Job plot analysis

25
20
4 0 15 /’/‘/
“w
57 s N 3
692 o ' [‘H—
|
CH, 05
7 0.0
0000 000l 0002 0003 0004
[al,
0.8-

000 T T T T T T r T r
00 01 02 0.3 04 05 06 0.7 08 09 10
X —

guest

Figure 6. Top: 'H NMR dilution titration curves for complex formation
between 1a and N-methylnicotinamide (17) showing the dependence of
the complexation-induced shifts Ad of protons 2-H (e), 4-H (4), and 5-H
(m) of 17 in D,O. Bottom: Job plot for complex formation between 1a
and 17 in CD;0D, shown for the guest protons 2-H (e) and 5-H (0); y=
mole fraction.

for complex formation between clip 1a and N-methylnico-
tinamide (17). The complex 1a-17 is by far the most stable
one, since many of the experimental points lie in the satura-
tion region of the curve (Figure 6). In this case the experi-
mental error is certainly larger than the standard deviation,
and the K, value given in Table 3 is only a lower limit. The
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Table 3. Association constants K, and Gibbs enthalpies of association AG for complex formation between clip
1a and guest molecules 17-26, determined by "H NMR dilution titration in methanol and water at 20°C.

FULL PAPER

tween clip 1a and N-methylni-
cotinamide (17) or NAD* (22).

Substrate K, [m1]e! -AG K, [l -AG From the sign of the heat
in CD,0D [kcalmol '] in D,O [kcalmol '] pulses produced during the ti-
nicotinamide (17) 1725041950 58 83000+ 9400 6.7 tration of the aqueous guest so-
Kosower salt (15) 4300+£450 4.9 4800+ 1300'°! 4.9 luti .
ution to an aqueous clip so-
pyrazinium salt (16) 600 30! 3.8 10000 £ 2500 53 . o ! . p
pyridinium dye (18) 2950300 47 broad signals' - lution it is immediately appa-
imidazolium salt (21) - - 79001700 52 rent that host-guest binding in
NAD* (22) precipitation!‘! 9100+ 3450 5.4 both systems is exothermic.
NADP @) - - 3900 +400 4.8 Both titration curves, however,
2'-desoxyadenosine (24) - - 53004320 5.0 exhibit unusual. but reproduc-
AMP (25) - - 1100200 40 ¢ X p
NMN (26) _ _ 680041500 51 ible, shapes (Figures8 and 9).

[a] Determined from the complexation-induced 'H NMR shifts of the guest proton signals. [b] The given
errors are standard deviations between the K, values from different NMR signals; the standard deviations
from the nonlinear regressions were consistently lower. [c] Determined from host signals. [d] Precipitation of
the complex after mixing 1¢ and 22 and broad signals in the "H NMR spectrum of a mixture of 1¢ and 18 pre-

vent the determination of K,.

In the case of 17 and 1a, no
plateau was found at the begin-
ning of the titration, and the
curve (even after correction for
the heats of dilution) cannot be
fitted with the 1:1 complex stoi-
chiometry that was found by

results obtained for the complexation of various N-alkyl- or
N-arylpyridinium, N-alkylpyrazinium, and N-alkylimidazoli-
um cations with clip 1a are summarized in Table 3 (K, and

Job plot analysis. Regression analysis of the experimental
data with stoichiometry factor n as an additional variable
parameter leads to a good fit for n=0.889 (Figure 8). We re-

AG values) and in Schemes 3
and 4 (Ad,,, values). Remarka-
bly, neutral guests like 2'-des-
oxyadenosine (24) also form
rather stable complexes with
1a.

Mass spectrometric analysis:
The complexes of clip 1a can
be also detected by mass spec-
trometry. Strong molecular ion
peaks for these complexes ap-
peared in the ESI-MS spectra
(negative ions). Figure 7 shows
the ESI-MS spectrum of the
complex between clip 1la and
2’-desoxyadenosine (24) as an
example. Although the complex
of 1a with NAD™* (22) was only
sparingly soluble in [D,Jmetha-
nol, the supernatant solution
produced a clean ESI spectrum,
which showed peaks for both
the free host 1la and its 1:1
complex with the fully deuterat-
ed guest 22.

Calorimetric titrations: Isother-
mal titration microcalorimetry
(ITC) is frequently applied for
the quantification of the enthal-
py and entropy changes AH
and AS resulting from complex
formation.’” We used ITC to
study complex formation be-
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Scheme 4. Nucleosides and nucleotides (NAD™* derivatives) 22-26 bound by the clip 1a and the maximum
complexation-induced 'H NMR upfield shifts Ad,,,, of the guest protons in their 1:1 complexes with clip 1a in

water.
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Figure 7. ESI-MS spectrum for the complex between clip 1a and 2'-des-
oxyadenosine (24). The spectrum was recorded in the negative ion mode.
The calculated masses are: [la+24]>: 421; [1a—OPOMe] : 515;
[1a+H™*]: 593; [14+Na*]: 615; [1a+(nBu),N*)]: 834; [1a+24+Nat]:
866; [la+(nBu),NT)+24]": 1085. No ion peaks were found beyond
m/z =1100.
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Figure 8. Top: Plot of the heat pulses measured during the titration of 1a
with 17 in H,O ([1a]=819 um, [17]=5723 um). Bottom: The fit from the
iterative regression analysis of this plot for the stoichiometry factor n=
0.889.

peated the ITC measurements several times using different
starting concentrations [la] and [17] The stoichiometry
factor n varied in the range from 0.856 to 0.889, and the ap-
parent association constants K, derived from the fits of
these curves are substantially smaller (1390-5340m™") than
that obtained from the 'H NMR titration experiment. The
K, values obtained from the ITC measurements are only
valid for stoichiometry factors n<1 (Supporting Informa-

484 —— © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

. +21a
[NAD" 22, =—— 2 22— 2 22-1a

30

201

P/uW

o

2 4 6
t/h

LI

*

TWWWW

0 —T

St

P/pW

2 4 6
t/h

Figure 9. Top: Plot of the heat pulses measured during the titration of 1a
with 22 in H,O ([1a] =832 pm, [22]=7610 um). Bottom: Heat of dilution
of 22; 40 10 pL portions of a solution of 22 (7610 um) in H,O were added
to 1 mL of H,O. *artefact of the measurement.

tion, Table S3) and not for formation of the 1:1 complex.
The discrepancy between the NMR and ITC measurements
can be explained as follows: At the beginning of the ITC ex-
periment there is a large excess in the host concentration, so
that formation of a 2:1 host—guest complex is favored. As
the titration progresses, the guest concentration increases
and the more stable 1:1 complex is formed. The combina-
tion of these two processes taking place during the titration
explains why the stoichiometry factor is smaller than unity
(n<1). In the case of the NMR dilution experiment, we
start from a nearly 1:1 mixture of host and guest and there-
fore the formation of a 2:1 complex is highly unlikely. Frac-
tional stoichiometry factors have been also observed in
other ITC measurements on host-guest interactions.”*’!
The solubility of clip 1a in water is, however, too low to
carry out a reverse ITC titration. This experiment, in which
a saturated solution of the clip ([1a],=0.001M) in water was
added to N-methylnicotinamide iodide ([17],=0.000012m),
produced only heat pulses that were not significantly larger
than those obtained by dilution of a solution of 1a in pure
water.

The heat pulses evolved at the beginning of the titration
of an aqueous solution of 1a with an aqueous solution of
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NAD™ (22) are smaller than those after the addition of sev-
eral portions of 22, and they pass through a maximum
before decreasing. At first glance, this is surprising and not
expected for a simple host-guest binding (Figure 9, top). In-
dependent measurement of the heat of dilution of 22 in
water shows, however, that 22 forms an self-aggregate in
aqueous solution which must be dissociated before the com-
plex 22-1a can be formed. According to the heat of dilution
measured by ITC, the dissociation of the self-aggregate of
22 is an endothermic process (Figure 9, bottom), which must
be overcompensated by the exothermic complex formation
between dissociated 22 and 1a. We evaluated the two plots
shown in Figure 9 under the assumption that the self-aggre-
gate of 22 is a dimer and dissociates prior to complex forma-
tion according to the equation in Figure 9. Neglecting the
first five heat pulses measured in the titration of the aque-
ous solution of 22 to that of 1a leads to the thermodynamic
parameters for the formation of the 1:1 complex 22-1a given
in Figure 10. The binding constant K,=8800+500M "' de-
rived from the ITC measurements is in good agreement
with that determined by 'H NMR titration (Table 3).

[SV/IR]

Figure 10. The fit from the iterative regression analysis evaluating the
plots shown in Figure 9 by means of the stoichiometry factor n=1.0 re-
sults in the enthalpy, entropy, and Gibbs enthalpy of association AH=
—7.340.1 kcalmol !, AS=-6.7+0.5 calmol ' K, AG=-54+
0.1 kcalmol™!, and the association constant K, =8800-+500m".

Discussion

Complex stabilities: In contrast to complexes of dimethyl-
ene-bridged clips of type 1 in aprotic organic solvents,*™™ clip
1a forms highly stable complexes with the N-alkylpyridini-
um and -imidazolinium salts 15-21, NAD™* (22), NADP
(23), 2'-desoxyadenosine (24), AMP (25), and NMN (26) in
protic solvents such as methanol and water (Table 3). For
example, Kosower salt 15 forms a substantially more stable
complex with clip 1a in D,0 (K,=4800+1300m"', AG=
—4.9 kcalmol ") than with the corresponding diacetoxy-sub-
stituted clip 1f in CDCl; (K,=137+14m"!', AG=
—2.9 kcalmol ™). This result and the finding that the com-
plexes of 1a formed in water (K,=4800-83000m ") are
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more stable than the corresponding ones in methanol (K,=
600-17250M ') are good evidence for a substantial contribu-
tion of a hydrophobic effect, besides the cation—m interac-
tion and salt bridges in the receptor—substrate binding pro-
cesses observed here.”” A computational study" predicts
that, especially in water, the cation—m interaction should be
even more important than the salt bridges and thus largely
responsible for the complex stabilities.

The binding of NAD™* (22) and NADP (23), which are
the most important redox coenzymes in nature, to clip 1a is
particularly remarkable. In methanol the complex 22-1a pre-
cipitated. In water (or methanol:water 1:1) no precipitation
occurred, and distinct upfield shifts were observed in the
"H NMR signals arising from the protons of the nicotina-
mide subunit as well as in the adenine nucleoside of NAD*
(22). These findings unambiguously indicate the complex
formation between both subunits of NAD™* (22) and clip 1a.
Similar results were obtained for the binding of NADP 23
to clip 1a (Table 3, Scheme 4). The binding constant (K,=
9100+£3450M ') determined for complex 22-1a is substan-
tially smaller than that of 17-1 (K,=83000+9400m"), al-
though both guests are N-alkylnicotinamide derivatives.
There are two reasons which may explain this difference in
the complex stability:

1) The ribose unit of 22 is bound to the nicotinamide
moiety by a tertiary carbon atom in the N,O-acetal,
which may cause an additional steric hindrance in the
complex. This effect should also influence the stability of
the complex between NADP (23) and 1a.

2) According to ITC measurements NAD* 22 forms a
dimer in aqueous solution, and in the process of com-
plexation the equilibrium between dimeric and mono-
meric 22 must be shifted toward the monomeric form,
which leads to a smaller K, value.

The aggregation of NAD* 22 in water observed by ITC
measurements could not be detected by '"H NMR spectros-
copy. Dilution of a solution of 22 in D,0O by a factor of 32
(from 28 to 0.9 mwm, Supporting Information, Table S2) led to
a shift of the '"H NMR signals by less than 0.09 ppm. Small
shifts of the '"H NMR signals have been observed in the dilu-
tion of aqueous NADP (23) by a factor of 20 (from 2.6 to
0.13mwm), and this suggests an aggregation of 23 in water
comparable to that of 22. ITC measurements with NADP
are planned to confirm this suggestion.

Extension of the guest profile: The upfield shifts observed
in the pyrimidine ring of adenine on binding of NAD™* (22)
and NADP (23) by clip 1a gave a first hint at the possible
inclusion of nucleosides. We checked this interesting hypoth-
esis with the naturally occurring nucleosides 2'-desoxyade-
nosine (24) and adenosine monophosphate AMP (25). A re-
markably high binding constant of K,=5300+300m"" was
determined for complex formation between the neutral
guest molecule 24 and clip 1a from the 'H NMR titration
curve. The significantly smaller binding constant obtained
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for the complex between negatively charged 25 and clip 1a
(K,=11004200M"") indicates that the interaction between
the negatively charged AMP phosphate and clip phospho-
nate groups in the complex 24-1a is repulsive and leads to
weakening of the complex. To compare the contributions of
the nicotinamide with the adenine subunit we cut the
NAD™' molecule into two halves, each carrying a ribose
monophosphate unit. Intriguingly, the binding constant for
nicotinamide mononucleotide (NMN, 26, K,=6800=+
1500m™") is significantly higher than that of adenosine
monophosphate (AMP, 25, K,=11004200m""). This obser-
vation is further good evidence that in the complexes 22-1a
and 23-1a both ring systems, that is, the nicotinamide and
adenine units, are included in the clip cavity. According to
the different binding constants of the complexes 25-1a and
26-1a, preferential inclusion of the nicotinamide ring of
NAD™ (22) or NADP (23) in the cavity of clip 1a is expect-
ed.

Electrostatic potential surface (EPS) calculations were
used to explain why the clips of type 1, analogous to the
structurally related tweezers,*!! selectively bind electron-de-
ficient guest molecules in organic solvents such as chloro-
form. The EPS of bis-phosphonate clip 1a is calculated by
AM1 to be more negative on the concave face than that of
the corresponding parent clip 1 or diacetoxy-substituted clip
1f. This result can certainly provide an explanation of why
1a is found to be such a good binder to the strongly elec-
tron-deficient cationic guest molecules investigated here.
The comparative binding study of NAD* and truncated ver-
sions thereof (22-26) shows, however, that in aqueous so-
lution the complementary host and guest EPS, which is cal-
culated for the isolated molecules in the gas phase
(Figure 11), is less important for complex formation in aque-
ous solution. If the electrostatic host—guest interaction is
predominant for complex formation, only the nicotinamide

Figure 11. Structure (top) and electrostatic potential surface (EPS, bottom) of clip 1a with (NH,¥), instead of
(NBu,*), as counterions (left), NAD* (22, middle), and 2'-desoxyadenosine (24, right) calculated by AMI. the
The color code spans from —25 (red) to +25 kcalmol ™ (blue). The clip geometry was optimized by AMI1,
whereas in the case of NAD™Y a single-point AM1 calculation was performed using the NAD* geometry ob-
tained from the Monte Carlo conformer search of the complex 22-1a (Figure 16, bottom). Note that the EPS
of the nicotinamide subunit in 22 is highly positive compared to that of the adenine moiety. ics.
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ring and not the adenine moiety of 22-26 should be bound
to the clip cavity according to the large difference in the
EPS of the nicotinamide and adenine units shown in
Figure 11. Therefore, besides the electrostatic interactions
other effects such as the hydrophobic effect seem to be im-
portant for the strong binding of clip 1a to the various
guests in aqueous or methanolic solution reported here.>*%

Complex structures: The maximum complexation-induced
'"H NMR shifts of the substrate signals Ad,,, are a very sen-
sitive probe of the complex structures. The large Aol
values determined for the pyridinium cations 15-20
(Scheme 3) in their complexes with 1a are a good indicator
that the guest molecules are positioned inside the clip cavity
and experience the magnetic anisotropy of the host arene
units. The comparison of the Ad,,, values of the Kosower
salt 15 in the complexes with clip 1a (Ad,,.,=1.96 (H*), 3.45
(H")) and with diacetoxy-substituted clip 1f (Ady.=1.82
(H%), 2.40 (H")) shows that the complex structures are simi-
lar and independent of the substitution pattern at the central
spacer unit of the clip. According to the single-crystal struc-
ture analysis of the 1:1 complex between N-ethyl-4-carb-
ethoxypyridinium triiodide (a derivative of 15) and 1f
(Figure 12), the naphthalene sidewalls of the clip embrace
the guest molecule tightly by reducing the distance between
the naphthalene tips from 10 to 8 Al Provided the com-
plex structures in the crystal and in solution are similar, the
observation of only one '"H NMR signal for the nonequiva-
lent guest protons H*, H*, or H°, H", of 15 or 16 in the com-
plexes with clip 1a indicates that exchange of these protons
by rotation of the guest molecule inside the clip cavity and/
or by mutual host—guest dissociation/association is fast with
respect to the NMR timescale.

The complex between the dye 18 and clip 1a provides
some information about the selectivity of 1a toward guest
structures. In the complex
18-1a, the NMR signals arising
from the pyridinium ring pro-
tons exhibit large upfield shifts,
whereas the positions of the sig-
nals of the protons of the
amino-substituted benzene
moiety remains almost un-
changed, that is, only the pyridi-
nium ring is included inside the
cavity of la. In all examined
pyridinium and amidinium dyes
(18-20), no change in color or
UV/Vis extinction maxima are
found, although NMR data
clearly reveal their inclusion
within the naphthalene side
walls of the cavity. Evidently,
sandwich complex does
not lead to charge transfer be-

tween host and guest aromat-
[64]
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Figure 12. Single-crystal structure of the complex between N-ethyl-4-
carbethoxypyridinium triiodide and diacetoxy-substituted clip 1 £

|

In the 'H NMR spectra of the complexes 22-1a and 23-1a,
the signals arising from the protons of both subunits (nico-
tinamide and adenine moieties) are shifted upfield. This ob-
servation already allows us to conclude that each complex
must exist in at least two conformations in which either the
nicotinamide or the adenine subunit is included inside the
cavity of 1a. Accordingly, the two conformations must equi-
librate rapidly on the NMR timescale, so that only averaged
A, Values are observed. The Ad,,,, values determined for
the guest protons in the complexes 24-1a, 25-1a, and 26-1a
are of similar magnitude to those of the NAD and NADP
complexes 22-1a and 23-1a. The upfield shifts of the signals
of the complexed nicotinamide protons in 22-1a, 23-1a, and
26-1a are significantly smaller than in 17-1a. This indicates
that the nicotinamide rings of 22, 23, and 26, each attached
to a ribose unit, are positioned inside the clip cavity differ-
ently to the nicotinamide moiety of 17, which is attached to
a methyl group. To gain further insight into this structural
problem we performed quantum chemical 'H NMR shift
calculations.

Quantum chemical calculations for N-methylnicotinamide
complex 17-1a: The host-guest complex of N-methylnico-
tinamide 17-1a (NMNA for short) was investigated with
quantum chemical methods. In a first step, possible lowest
energy structures were determined by performing a Monte
Carlo conformer search at the force-field level (Amber*/
H,0; MacroModel 6.5; Figure 13).7*¥ Investigation of the
influence of the tetra-n-butylammonium cations at this level
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Figure 13. The lowest-energy structure of the complex 17-1a including
the tetra-n-butylammonium cations calculated by force-field AMBER*/
H,O with a Monte Carlo conformer search (MacroModel 6.5, 5000 struc-
tures).7 48

of theory indicates that although its hydrophobic alkyl
chains are calculated to aggregate with the outside of the
naphthalene sidewalls of the clip, the position of the guest
within the cavity of the clip seems to be only weakly influ-
enced. Therefore, the complex structures were calculated in
the following without the tetra-n-butylammonium cations at
the force-field level. These are used as starting points for
the quantum-chemical studies.

Starting from two lowest energy Amber*/H,O structures,
geometry optimizations were performed at the Hartree—
Fock level (HF/6-31G**), with constraints on the guest posi-
tion within the clip (Figure 14). Based on these structures
the chemical shifts were computed by using gauge-including
atomic orbitals (GIAO-HF) and SVP basis sets’® relative to
the TMS reference computed at the same level. All quan-
tum chemical calculations were performed with the program
packages Q-Chem!®! and TURBOMOLE.""! In the follow-
ing, we consider only guest protons. The 'H NMR complexa-
tion-induced chemical shieldings of NMNA-1 (see
Figure 14), computed with the different structural parame-
ters obtained with Amber*/H,O and HF/6-31G**, differ by
0.4 ppm at most. Basis-set influences, determined by com-
paring the SVP basis with a TZP basis’®! at the GIAO-HF
level, are 0.1 ppm at most. This is consistent with previous
studies on similar tweezer complexes, for which the accuracy
of '"H NMR chemical shifts computed at the GIAO-HF/SVP
level on HF/6-31G* structures (as compared to calculations
using electron correlation methods) was found to be in the
order of 0.2-0.5 ppm.[®7 Complexation-induced shieldings
are obtained as the difference of the chemical shifts for the
bound and isolated guest (the structure of the isolated guest
was optimized at the same level of theory) and are listed in
Table 4. Computed and experimental relative NMR shield-
ings for the isolated nicotinamide 17 agree within 0.5 ppm.
For host-guest complex NMNA-1 the maximum difference
is 3.0 ppm, and for NMNA-2 2.1 ppm. For the complexa-
tion-induced chemical shieldings the difference between
theory and experiment is reduced to 2.7 and 1.5 ppm for
NMNA-1 and NMNA-2, respectively. Since the measure-
ments were performed in water as solvent, a strong devia-
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Figure 14. The lowest-energy AMBER*/H,O structures of the complex
17-1a optimized at HF/6-31G** level (with constraints): NMNA-1 (top)
and NMNA-2 (bottom).

Figure 15. Partitioning of the clip within the NMNA-2 structure
(AMBER#*/H,0). For part 1la the phosphonate groups (OP(CH;)O0")
have been removed.

488 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 4. Relative (8) and complexation-induced (Ad) 'H NMR chemical
shifts [ppm] computed at the GIAO-HF/TZP level for the HF/6-31G**
optimized N-methylnicotinamide host—guest structures NMNA-1 and
NMNA-2 and the isolated guest structure 17 in comparison with the ex-
perimental results.

Isolated 17 17-1a

Proton  Caled  Exptl ~ NMNA-1 NMNA-2 Exptl

) B ) A B AS b AS
H2 9.8 9.3 78 20 71 27 83 12
H4 9.2 8.9 39 53 80 12 69 26
H5 82 82 58 24 65 17 64 23
H6 8.8 9.0 63 25 55 33 76 18

tion is not surprising. Besides structural flexibility, the influ-
ence of the water environment can be estimated to be on
the order of at least 0.7 ppm for the aromatic guest protons
of NMNA-1." This data was estimated by a preliminary
simulation of the nicotinamide host-guest complex 17-1a in
a water environment by using a snapshot of a force-field
molecular dynamics simulation with the water molecules
closest to the center of the guest ring. We used the snapshot
structure to compute the influence of the water molecules
on the NMR shieldings explicitly at the GIAO-HF/6-31G**
level for a system with up to 1003 atoms using our newly de-
veloped linear-scaling NMR chemical shift method."!! Clear-
ly, for an accurate study of solvent effects a multitude of
snapshots must be computed. Nevertheless, our calculations
provide a first estimate. Further simulations are in progress.
This indicates that the deviation between computed and
measured complexation-induced shieldings of up to 2.7 ppm
for the NMNA-1 structure seems to be larger than experi-
mental and theoretical error bars, whereas the agreement
for NMNA-2 is within the error bars.

Clip influences on 'H NMR shifts of NMNA-2: In addition
to the relative and complexation-induced chemical shield-
ings of 17-1a, we studied the influence of different parts of
clip 1a on the 'HNMR chemical shifts in the NMNA-2
structure. Therefore the clip was partitioned into three
parts: 1) the upper unit including the phosphonate groups,
1la) the upper part without phosphonate groups, and 2) the
naphthalene side walls (Figure 15, Table 5). Open bonds
were saturated with protons (C—H 110 pm). The maximum
influences of parts 1 and 2 are 0.7 and 4.3 ppm, respectively

Table 5. Influences of different parts of the clip on the relative chemical
shifts [ppm] (GIAO-HF/SVP) of guest 17 in the NMNA-2 structure (see
Figure 15) optimized at Amber*/H,O force-field level.

Proton Oisolated A A A Oiotatea+ Ay 4o Ororal®

H2 10.0 —0.7 -2.1 —0.3 7.2 7.5
H4 9.3 —0.5 —0.8 —0.3 8.0 8.2
Hs5 8.4 0.2 -1.7 -0.5 6.9 6.6
Ho6 9.2 -0.3 —4.3 -1.9 4.6 4.8

[a] Change in the chemical shifts of the isolated guest molecule due to
the influence of parts 1, 2, and 1a of the clip. [b] Sum of A; and A, added
to the chemical shifts for the isolated guest molecule. [c] Chemical shifts
computed for the full host-guest complex.
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(GIAO-HF/SVP at Amber*/H,O structure). The maximum
influence of partla of 1.9 ppm is stronger than that of
part 1; this result indicates that the effects of the phospho-
nates and the ring currents are in opposite directions and
lead to partial compensation. Overall the sum of the influen-
ces of parts 1 and 2 yields '"H NMR shieldings for the guest
protons that are in good agreement (within 0.3 ppm) with
the full calculation. This indicates a weak influence of the
linking units, as found similarly in other tweezer-shaped
host-guest systems.["”)

Computed 'H NMR chemical shifts for 22-1a: Since for the
NMNA-2 complex 17-1a the influence on the 1H NMR
guest chemical shifts of the HF/6-31G** structure optimiza-
tion was found to be quite small (less than 0.4 ppm) relative
to those calculated with the Amber*/H,O structure, the
Amber*/H,O structures (again resulting from a Monte
Carlo conformer search) were used for the study of the
NAD™ system 22-1a. Although there is a multitude of possi-
ble host—guest structures, we consider here just two arrange-
ments of NAD?T within the clip cavity, as shown in
Figure 16: bound through the nicotinamide (NAD-1) and
adenine parts (NAD-2). The corresponding computed NMR
shieldings are listed in Table 6. The chemical shifts for the

Table 6. Relative (8) and complexation-induced (Ad) '"H NMR chemical
shifts [ppm] computed at the GIAO-HF/SVP level on the Amber*/H,O
structures of the NAD?' host-guest complex: structures NAD-1 and
NAD-2 and the isolated guest structure NAD™ (22) are compared to the
experimental results.

Isolated NAD* (22) 22:-1a

Proton  Calcd Exptl NAD-2 NAD-1 Exptl

o o 0 A6 0O Ao 0 AS
H2 9.0 9.4 84 06 76 14 90 04
H4 10.1 8.9 77 24 34 67 82 07
H5 8.5 8.3 73 12 61 24 75 08
Hé 9.7 9.3 80 1.7 68 29 88 04
H7 8.4 8.6 58 26 76 08 82 03
HS8 5.8 6.1 48 10 45 13 58 03
H9 55 6.2 54 01 55 00 59 02

isolated NAD™* guest 22 agree within 1.2 ppm with experi-
ment, which is within the error bars of theory and experi-
ment. As discussed above, relatively large theoretical error
bars arise due to the missing solvent in the quantum chemi-
cal calculations. Comparison of the chemical shifts for
NAD™ within the clip indicates that the NAD-1 structure
leads to a difference of 4.8/6.0 ppm with respect to relative/
complexation-induced chemical shieldings between theory
and experiment. The second possible structure NAD-2
agrees better with the experiment: deviations are at most
24 and 2.3 ppm, respectively. Although this allows the
NAD-1 structure to be discarded, no final and safe conclu-
sion about how the adenine or nicotinamide moiety of
NAD" is bound to the clip can be drawn at this stage of our
quantum chemical studies due to the multitude of possible
structural arrangements. Here, further investigations are
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Figure 16. The lowest energy AMBER*/H,0O structures of the complex
22-1a: NAD-1 (top: the nicotinamide ring inside the clip cavity) and
NAD-2 (bottom: the adenine moiety inside the clip cavity).

planned, in particular with the smaller ribose-substituted
systems such as 2’-desoxyadenosine (24), AMP (25), and
NMN (26).

Energetics of NAD* binding within clip 1a: In addition to
the NMR considerations, we studied the binding energetics
of NAD™ within the clip. For reliable results electron-corre-
lation effects must be accounted for. We used the RI-MP2
approach (resolution of identity Mgller-Plesset second-
order perturbation theory)’? with an SVP basis set. All data
are listed in Table 7. In a first step, we used for the computa-
tion of binding energies only the parts of NAD™* that are
bound within the clip (free bonds were always saturated
with protons, N—H 100 pm). Within the clip of charge —2
the nicotinamide part is bound by 152 kcalmol ! in NAD-1
as compared to the adenine part bound with 37 kcalmol * in

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 489


www.chemeurj.org

CHEMISTRY.

T. Schrader, C. Ochsenfeld, F. G. Kliarner et al.

A EUROPEAN JOURNAL

Table 7. Influence of charge and guest structures on binding energies of
NAD® guest 22 within the clip 1a computed at the RI-MP2/SVP level
[in kcalmol™].

Charge NAD-1 NAD-2
Clip 1a NAD* (22)
-2 + 1M —151.7 -
-2 ot —46.4 -36.9
0 ot —34.1 -353
0 +1 -78.9 -71.1
0 0 -783 —70.8
-2 +1 —171.4 —144.3

[a] Only the part of the guest molecule bound inside the clip is consid-
ered (see text).

NAD-2. This is due to the positive charge of the nicotin-
amide unit. If this charge is neutralized, the nicotinamide
binding energy decreases to 46 kcalmol™'. This trend is re-
versed if the neutral guests are considered within a charge-
neutralized clip (saturation with protons, O—H 96 pm),
where adenine is slightly more strongly bound: 34 versus
35 kcalmol ™', In the second step, we consider the full NAD™*
guest (charge +1) within the clip with charge —2: binding
through the nicotinamide unit leads to a stabilization energy
of 171 kcalmol ™!, and binding through the adenine moiety
to 144 kcalmol™'. If all the charges are neutralized (which
can be assumed to be more realistic for the system in water
as solvent), the stronger stabilization of the nicotinamide
versus adenine binding is much less pronounced: 78 versus
71 kcalmol~'. Although it is clear that these energetics are
highly influenced by structural changes and possibly also by
methodological effects, they provide some insight into influ-
ences on the recognition process and suggest that both sub-
units are bound by the clip with a preference for the nicotin-
amide ring, in agreement with the experimental findings.

Conclusion

In this paper we have presented the water-soluble clip 1a as
a host molecule which binds N-alkylpyridinium ions and
electron-poor aromatics highly selectively. The experimental
results obtained for the complexation of the naturally occur-
ring nucleosides or nucleotides 22-26 with 1a and the quan-
tum chemical calculations are good evidence for our as-
sumption that NAD™* (22) and NADP (23) are indeed
bound in a double complex geometry, in which either the
pyridinium or the pyrimidine ring is inserted into the cavity
of 1a. A low-temperature NMR experiment should provide
further insight into the dynamics of complexation. It would
be interesting to examine whether at low temperatures the
fast equilibrium between the complexed and free nicotin-
amide or adenine subunit is slowed down to below the
NMR timescale and two isolated sets of signals appear. This
experiment has been, however, prevented by the low solu-
bility of the complex 22-1a in CD;OD, but it might be possi-
ble to measure the temperature dependence in a mixture of
methanol and water, in which the complex is soluble (Sup-
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porting Information, Figure S1). In the future, we will try to
create highly selective NAD* sensors using modified clips
with built-in ribose recognition elements.” Another impor-
tant area is redox chemistry with NAD™*. If the electrochem-
ical potential of NAD™ is changed upon complexation, the
substrate profile of dehydrogenases may be altered.’ Effi-
cient trapping of NAD' in enzymatic reductions may also
lead to shifted equilibria or even ultimately reverse the
course of the naturally occurring reaction. Finally, we intend
to create artificial enzyme models with noncovalently bound
zinc ions and complexed NAD* without any protein pres-
ent. In the future, we will carry out a systematic investiga-
tion on the inclusion properties of the other naturally occur-
ring nucleosides. Binding of ATP or GTP might open new
areas of interference in numerous biological pathways. It is
also in principle conceivable that the well-preorganized clip
is capable of a double intercalation mode into electron-poor
base pairs of intact DNA."7 Any of these new interactions
would render the bis-phosphonate clip a valuable new tool
in DNA chemistry. Already our first prototype of a NAD™
or NADP binder, clip 1a, can favorably compete with alco-
hol dehydrogenases for the oxidized form of their substrate:
NAD™ is bound by the natural enzyme with K, values
around 10°mM™", in contrast to NADH which is grasped much
more tightly (10°m™"). In the future, we wish to exploit this
distinct K, difference to interfere with enzymatic reductions.

Experimental Section

1,4,5,8-Tetrahydro-1,4:5,8-dimethanoanthracene-9,10-bismethylphosphon-
ic acid ester (1b): The hydroquinone precursor™ (100 mg, 420 umol) and
methylphosphonic acid dichloride (150 mg 1.13 mmol, 2.7 equiv) were

dissolved in anhydrous THF (10 mL) and cooled to 0°C. Then triethyl-
amine (175 pL, 127 mg, 1.26 mmol, 3 equiv) was added dropwise, and a
white solid precipitated after a few seconds. After 1h, the precipitate
was filtered off under argon, washed with a small amount of anhydrous
THF, and the combined filtrates were treated with 2.5% aqueous HCI
(3mL). After 15 min of n-hexane (5mL) was added, and the resulting
two-layer system was stirred overnight, resulting in strong precipitation.
The colorless solid was filtered off, washed with a little 2.5% aqueous
HCL, and dried in vacuo to furnish 110 mg (279 umol, 66 %) of the bis-
phosphonate bismonoester as a colorless solid. M.p. decomp >300°C.
'HNMR (300 MHz, [Dg]DMSO): 6=148 (d, 2/(P.CH;)=17.1 Hz, 6H;
CHa), 2.10 (brs, 4H; 11-H', 11-H?, 12-H', 12-H?), 4.05 (brs, 4H; 1-H, 4-H,
5-H, 8-H), 6.75 ppm (brs, 4H; 2-H, 3-H, 6-H, 7-H); "C NMR (50 MHz,
[Dg]DMSO): 6=12.42 (d, 'J(P,C)=139.2 Hz; CH;), 47.90 (d, C-1, C-4, C-
5, C-8), 69.50 (t, C-11, C-12), 136.53 (d, *J(P,C)=7.4 Hz; C-4a, C-8a, C-
9a, C-10a), 142.32 (d, C-2, C-3, C-6, C-7), 142.92 ppm (d, C-9, C-10);
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P NMR (81 MHz, [D,]DMSO): 6=29.86 ppm (s); MS (ESI, MeOH):
m/z: 196 [M—2H*]*, 393 [M—-HT]", 425 [M-H*+MeOH], 787
[2M-H*]", 1181 [3M-H*]"; elemental analysis caled (%) for
CisHyP,04: C 54.83, H 5.11; found: C 54.77, H 5.65.

6,8,15,17-Tetrahydro-6,17:8,15-dimethanoheptacene-7,16-bis(methylphos-
phonic acid ester) (1a): The hydroquinone precursor™ (100 mg,

FULL PAPER

C-8a, C-9a, C-10a), 143.28 (m, C-2, C-3, C-6, C-7), 144.10 ppm (d, C-9, C-
10); *PNMR (81 MHz, [D,JMeOH): 6=25.29 ppm (s); MS (ESI,
MeOH): m/z: 197 [M—2NBu,*]*", 415 [M—-2NBu,*+Na*]", 425
[M—2NBu,"+H*+MeOH]", 634 [M—NBu,*]"; HRMS (ESI, MeOH):
m/z: caled for CyHsNP,O;"—NBu,*: 634.342; found: 634.341.

Bis(tetra-n-butylammonium)  6,8,15,17-tetrahydro-6,17:8,15-dimethano-
heptacene-7,16-bismethylphosphonate (1c¢): the respective phosphonic
acid precursor 1a (51.8 mg, 87.1 umol), which contained small amounts

228 pumol) and methylphosphonic acid dichloride (80 mg, 0.60 mmol,
2.7 equiv) were dissolved in anhydrous THF (10 mL) and cooled to 0°C.
Then triethylamine (80 pL, 58.4 mg, 0.58 mmol, 3 equiv) was added drop-
wise, and a colorless solid precipitated after a few seconds. After 1 h, the
solution was warmed to room temperature and stirred for another 1 h.
The reaction mixture was quenched with 2.5% aqueous HCl (3 mL).
After 20 min, n-hexane (5mL) was added, and the resulting two-layer
system was stirred overnight. Subsequently the aqueous layer was sepa-
rated, the organic phase washed with of 2.5% aqueous HCIl (3 mL), and
the combined organic phases evaporated to dryness on the rotavapor.
Subsequent drying at 0.1 mbar and chromatographic purification over
silica (300x 10 mm, gradient elution with CH,Cl,:MeOH 3:1—2:1) af-
forded 90 mg (0.15 mmol, 66 %) of the phosphonate clip as a colorless
solid. TLC: R;=0.02 (CH,Cl,/MeOH 2:1); m.p. decomp >270°C;
"HNMR (300 MHz, D,0): 6=1.49 (d, *J(PCH;)=16.4 Hz, 6H; PCHS,),
2.42 (dm, %J(19-H', 19-H*) =8.5 Hz, 2H; 19-H', 20-H'), 2.66 (dm, J(19-H?,
19-H)=8.3 Hz, 2H; 19-H?, 20-H), 4.69 (brs, 4H; 6-H, 8-H, 15-H, 17-H),
7.17 (ddm, *J(H-1, H-2)=6.2 Hz, */(H-4, H-2)=3.3 Hz, 4H; 2-H, 3-H,
11-H, 12-H), 7.48 (ddm, *J(H-2, H-1)=6.1 Hz, *J(H-2, H-4)=3.3 Hz, 4H;
1-H, 4-H, 10-H, 13-H), 7.39 ppm (brs, 4H; 5-H, 9-H, 14-H, 18-H);
P NMR (81 MHz, D,0): 6=15.32 ppm (s); MS (ESI, MeOH): m/z: 296
[M—2H*]*, 593 [M—H™], 615 [M—2H*+Na*], 625 [M—H*+MeOH] .
Bis(tetra-n-butylammonium) 1,4,5,8-tetrahydro-1,4:5,8-dimethanoanthra-
cene-9,10-bismethylphosphonate (1d): The corresponding phosphonic
acid 1b (50 mg, 127 umol) was suspended in dichloromethane (ca.

10mL) and treated with aqueous tetra-n-butylammonium hydroxide
(253 uL, 1™, 253 pmol, 2.0 equiv). The mixture was stirred for 2 h at am-
bient temperature, and the solvent evaporated to dryness. Drying at
0.1 mbar afforded a quantitative yield of tetra-n-butylammonium salt 1d
as a colorless solid. M.p. 178°C; '"HNMR (300 MHz, [D,]JMeOH): 0=
1.03 (t, YJ(CH,CH;)=7.3Hz, 24H; CH,CH;), 126 (d, *J(PCH;)=
16.4 Hz, 6H; PCH;), 1.35-1.49 (m, 16H; CH,CH,), 1.60-1.74 (m, 16H;
NCH,CH,), 2.15 (brs, 4H; 11-H, 12-H), 3.20-3.29 (m, 16H; NCH,CH,),
4.16 (brs, 4H; 1-H, 4-H, 5-H, 8-H), 6.79 ppm (brs, 4H; 2-H, 3-H, 6-H, 7-
H); C NMR (50 MHz, [D,]JMeOH): 6=13.27 (d, 'J(P,C)=136.5 Hz; C-
13, C-14), 13.93 (q, C-18), 20.73 (t, C-17), 24.79 (t, C-16), 59.51 (t, C-15),
70.63 (t, C-11, C-12), 139.62 (dd, *J(P,C)=8.0 Hz, *J(P,C)=1.9 Hz; C-4a,
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(ca. 5%) of silica gel, was suspended in dichloromethane (10 mL) and
treated with aqueous tetra-n-butylammonium hydroxide (135 uL, 1M,
135 pumol, 0.75 equiv). The mixture was stirred at room temperature for
2 h, and then the solvent was evaporated to dryness. The residue was re-
dissolved in methanol and subsequently membrane-filtered and again
evaporated to dryness. If the NMR analysis of this crude product indicat-
ed a small excess of tetra-n-butylammonium hydroxide, the product was
again dissolved in methanol, and the phosphonic acid starting material
(10 mg, 16.8 umol) was added with vigorous stirring. A second membrane
filtration, evaporation of the clear solution to dryness, and drying at
0.1 mbar furnished 59 mg (67.3 pmol, 99.7% with respect to the amount
of tetra-n-butylammonium hydroxide) of clip 1¢ as a light brown solid.
M.p. 140°C; '"HNMR (300 MHz, [D,]MeOH): 6=0.96 (t, *J(CH,CH;)=
7.3 Hz, 24H; CH,CH;), 1.24-1.36 (m, 16H; CH,CH,), 1.40 (d, %J(P-
CH;)=16.6 Hz, 6H; P-CHj;), 1.43-1.56 (m, 16H; NCH,CH,), 2.37 (dm,
2J(19-H', 19-H") =8.0 Hz, 2H; 19-H', 20-H"), 2.65 (dm, 2/(19-H?, 19-H)=
7.8 Hz, 2H; 19-H*, 20-H"), 2.99-3.08 (m, 16 H; NCH,CH,), 4.79 (brs, 4H;
6-H, 8-H, 15-H, 17-H), 7.19 (ddm, *J(H-1, H-2)=6.1 Hz, */(H-4, H-2) =
32 Hz, 4H; 2-H, 3-H, 11-H, 12-H), 7.54 (ddm, *J(H-2, H-1)=6.1 Hz,
*J(H-4, H-2)=3.2 Hz, 4H; 1-H, 4-H, 10-H, 13-H), 7.59 ppm (brs, 4H; 5-
H, 9-H, 14-H, 18-H). ®*CNMR (50 MHz, [D,]MeOH): 6=13.43 (d,
J(P,C)=137.2 Hz; C-21, C-22), 13.90 (g, C-26), 20.59 (t, C-25), 24.64 (t,
C-24), 59.33 (t, C-23), 65.77 (t, C-19, C-20), 120.82 (d, C-5, C-9, C-14, C-
18), 125.96 (d, C-2, C-3, C-11, C-12), 128.62 (d, C-1, C-4, C-10, C-13),
133.51 (s, C-4a, C-9a, C-13a, C-18a), 142.09 (s, C-5a, C-8a, C-14a, C-17a),
148.91 ppm (d, C-7, C-16); the signals for C-6, C-8, C-15, C17 are expect-
ed under the deuterium-coupled septet of [D,JMeOH; the signals for C-
6a, C-7a, C-15a, C-16a were too weak to be detected in [D,JMeOH;
S'PNMR (81 MHz, [D,JMeOH): 6=25.29 ppm (s); MS (ESI, MeOH):
m/z: 296 [M—2NBu,*t]*", 615 [M—2NBu,*+Nat]", 625 [M—2NBu,*
+H*+MeOH] ", 834 [M—NBu,*]"; HRMS (ESI, MeOH): m/z: calcd for
CsoHeuNP,Og —NBu,*: 834.405; found: 834.407.
1,4,5,8-Tetrahydro-1,4:5,8-dimethanoanthracene-9,10-bis(phenylphos-
phonic acid ester) (2b): The hydroquinone precursor (100 mg, 420 pmol)
and phenylphosphonic acid dichloride (117 pL, 164 mg, 841 pmol,
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2.0 equiv) were dissolved in anhydrous THF (10 mL) and cooled to 0°C.
Then triethylamine (175 pL, 127 mg, 1.26 mmol, 3 equiv) was added
dropwise, and a white solid precipitated after a few seconds. After 1h,
the precipitate was filtered off under argon, washed with a little anhy-
drous THF, and the combined filtrates were treated with 2.5% aqueous
HCI (3 mL). After 15 min, n-hexane (5 mL) was added, and the resulting
two-layer system was stirred overnight, resulting in strong precipitation.
The white solid was filtered off, washed with a little 2.5% aqueous HCL
and dried in vacuo to furnish 110 mg (212 pmol, 50%) of the bis-phos-
phonate bis-monoester as a white solid. M.p. decomp at 290°C; '"H NMR
(300 MHz, [D¢]DMSO): 6 =1.82 (dm, 2/(12-H', 12-H*)=6.9 Hz, 2H; 11-
H', 12-HY), 1.92 (dm, >/(12-H* 12-H)=7.1 Hz, 2H; 11-H*, 12-H%), 3.79
(brs, 4H; 1-H, 4-H, 5-H, 8-H), 6.38 (brs, 4H; 2-H, 3-H, 6-H, 7-H), 7.44—
7.63 (m, 6H; Hp,), 7.66-7.83 ppm (m, 4H; Hp,); "CNMR (50 MHz,
[Dg]DMSO): 6=47.93 (d, C-1, C-4, C-5, C-8), 69.34 (t, C-11, C-12),
128.59 (d, /(PC)=14.8 Hz; C-14, C-14a, C-18, C-18a), 130.80 (d,
J(P,C)=185.4 Hz; C-13, C-13a), 131.70 (d, *J(P,C)=9.7 Hz; C-15, C-15a,
C-17, C-17a), 13222 (m, C-16, C-16a), 136.50 (dd, *J(P,C)=7.9 Hz,
*J(P,C)=2.3 Hz; C-4a, C-8a, C-9a, C-10a), 142.30 (m, C-2, C-3, C-6, C-7),
14292 ppm (m, C-9, C-10); *PNMR (81 MHz, [D,JDMSO): 6=
17.45 ppm (s); MS (ESI, MeOH): m/z: 258 [M—2H"]*", 539 [M—2H*
+Na*]", 517 [M-HT].; elemental analysis caled (%) for
CyH,,P,042H,0: C 60.43, H 5.43; found: C 60.37, H 5.10.

6,8,15,17-Tetrahydro-6,17:8,15-dimethanoheptacene-7,16-bis(phenylphos-
phonic acid ester) (2a): The hydroquinone precursor (100 mg, 228 umol)
was dissolved in anhydrous THF (10 mL) and cooled to 0°C. Then tri-

ethylamine (95 pL, 69.4 mg, 686 umol, 3.0 equiv) and phenylhydrazine
(55 uL) were added and stirred for 15 min, after which phenylphosphonic
acid dichloride (100 pL, 140 mg, 718 umol, 3.1 equiv) was added drop-
wise. After stirring for 3 h at room temperature, the precipitate was fil-
tered off under argon, washed with a little anhydrous THF, and the com-
bined filtrates were treated with 2.5% aqueous HCl (3mL). After
15 min n-hexane (10 mL) was added, and the resulting two-layer system
was stirred overnight. Subsequently, the aqueous layer was separated, the
organic phase again washed with 2.5% aqueous HCl (3mL), and the
combined organic phases were dried with MgSO, and evaporated to dry-
ness on a rotavapor. Subsequent drying at 0.1 mbar and chromatographic
purification over silica (300x 10 mm, elution with CH,Cl,/MeOH 3:1) af-
forded 40 mg (55.7 pmol, 24 %) of the clip as a brown solid. TLC: R;=
0.21 (CH,Cl,:MeOH 2:1); m.p. decomp at 295°C; '"H NMR (300 MHz,
D,0): 6=2.11 (dm, (19-H', 19-H*)=8.3 Hz, 2H; 19-H', 20-H), 2.24
(dm, %/(19-H?*, 19-H)=8.3 Hz, 2H; 19-H?, 20-H"), 4.13 (brs, 4H; 6-H, 8-
H, 15-H, 17-H), 7.22 (ddm, *J(H-1, H-2)=6.0 Hz, */(H-4, H-2)=3.3 Hz,
4H; 2H, 3-H, 11-H, 12-H), 7.39 (brs, 4H; 5-H, 9-H, 14-H, 18-H), 7.51
(ddm, *J(H-2, H-1)=6.0 Hz, *J(H-2, H-4)=3.3 Hz, 4H; 1-H, 4-H, 10-H,
13-H), 7.55-7.63 (m, 6H; Hp,), 7.80-7.88 ppm (m, 4H; Hy,); “C NMR:
could not be obtained due to poor solubility; *'P NMR (81 MHz, D,0):
6=15.32 ppm (s); MS (ESI, MeOH); m/z: 358 [M—2H*]*", 717 [M—H™*T",
749 [M—H*+MeOH]; HRMS (ESI, MeOH) caled for CyuH;P,04:
717.15959; found: 717.16184.

Bis(tetra-n-butylammonium) 1,4,5,8-tetrahydro-1,4:5,8-dimethanoanthra-
cene-9,10-bisphenylphosphonate (2d): The corresponding phosphonic
acid dihydrate 2a (64.2 mg, 116 pmol) was suspended in dichloromethane
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(ca. 10 mL), and was treated with aqueous tetra-n-butylammonium hy-
droxide (232 uL, 1M, 232 pumol, 2.0 equiv). The mixture was stirred for
2h at ambient temperature, and the solvent evaporated to dryness.
Drying at 0.1 mbar afforded a quantitative yield of tetra-n-butylammoni-
um salt 2d as a brown solid. M.p. 184°C; '"H NMR (300 MHz,
[D,MeOH): 6=1.02 (t, *J(CH,CH;)=7.3 Hz, 24H; CH,CH,), 1.34-1.49
(m, 16H; CH,CHS,), 1.59-1.73 (m, 16 H; NCH,CH,), 1.82 (brs, 4H; 11-H,
12-H), 3.18-3.29 (m, 16H; NCH,CH,), 3.74 (brs, 4H; 1-H, 4-H, 5-H, 8-
H), 6.28 (brs, 4H; 2-H, 3-H, 6-H, 7-H), 7.28-7.44 (m, 6H; Hy,), 7.68—
7.79 ppm (m, 4H; Hp,). “C NMR (50 MHz, [D,]MeOH): 6=13.94 (q, C-
22), 20.72 (t, C-21), 24.79 (t, C-20), 59.49 (t, C-19), 70.33 (t, C-11, C-12),
128.60 (d, J(P,C)=13.7 Hz; C-14, C-14a, C-18, C-18a), 131.07 (m, C-16,
C-16a), 133.26 (d, *J(P,C)=9.1 Hz; C-15, C-15a, C-17, C-17a), 137.02 (d,
J(P,C)=177.38 Hz; C-13, C-13a), 139.48 (dd, *J(P,C)=8.0 Hz, *J(P.C)=
1.9Hz; C-4a, C-8a, C-9a, C-10a), 143.17 (m, C-2, C-3, C-6, C-7),
14378 ppm (m, C-9, C-10); *PNMR (81 MHz, [D,MeOH): 6=
14.25 ppm (s); MS (ESI, MeOH); m/z: 259 [M—2NBu,*]*", 517 [M-2
NBu,*+H*]", 549 [M—-2NBu,*+H*+MeOH], 758 [M—NBu,*];
HRMS (ESI, MeOH): m/z: caled for CyH NP,O, —NBu,*: 758.37394;
found: 758.36129.

NMR titrations: Ten NMR tubes were filled each with 0.6 mL of a so-
lution of the host compound ([H]=0.5-4 mm) in a deuterated solvent
([Dg]DMSO or CD;OD). The guest compound G (about 1.5 equiv rela-
tive to the host) was dissolved in 0.61 mL of the same solvent, and the re-
sulting solution was added with increasing volumes from 0 to 5 equiv to
the host solution in ten NMR tubes. Volume and concentration changes
were taken into account during analysis. The association constants were
calculated by nonlinear regression methods [Eq. (1)] in which K=[H]y/
[Glo-

AOpmax K 2K, K2 2K >
Ao =20 (kg y B ey K+ + +1
2 ( [H] K, \/ (H],K, HEK:  [H]oK,
1)

For dilution titrations equimolar amounts of host and guest compound
were dissolved in deuterated methanol (0.5 mL) or water (0.5 mL) ([G]=
[H]=0.5-4mm). From this reference sample, aliqouts of 250, 125, 75, 50,
und 25 pL. were taken, and deuterated solvent was added to a total
volume of 0.5 mL. Only those signals were used for quantitative evalua-
tion which could be clearly detected during the whole titration. Binding
constants K, were determined by nonlinear regression.

Job plots: Equimolar solutions (10 mmol/10 mL, ca. 10 pm) of host and
guest compound were prepared and mixed in various amounts. 'H NMR
spectra of the mixtures were recorded, and the chemical shifts were ana-
lysed by Job’s method, modified for NMR data.

Salt-effect experiment: A dilution titration was carried out according to
the general protocol outlined above (host and guest concentration:
10~*m), but in the presence of 0.5M aqueous tetra-n-butylammonium bro-
mide. The change in chemical shifts became much smaller and the resul-
tant binding constant from the nonlinear regression of the binding curves
between host and N-methylnicotinamide dropped to almost zero (ca.
50m71).

Microcalorimetry experiments: All titration experiments were performed
on a TAM 2277 microcalorimeter (Thermometric, Jarfilla, Sweden)
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using the ampoule unit 2277-201. The temperature during the experi-
ments was 298 K and we used water as solvent. 1 mL of the receptor so-
lution was filled into the cell of the microcalorimeter. The substrate so-
lution was added during the titration experiment by a syringe pump
6120-031 (Lund, Sweden).

Mass spectrometry: ESI mass spectra were recorded on a Finnigan MAT
95. Samples (20 pL) were introduced as 10~°m solutions in methanol at
flow rates of 20 uLmin~'. Heated capillary temperature: 150°C. Ion
spray potential: 3.5 kV (positive ESI), 3.0 kV (negative ESI). About 20—
30 scans were averaged to improve the signal-to-noise ratio.

Simulation methods: Molecular mechanics calculations, Monte-Carlo
simulations, and molecular dynamics: The program MacroModel 7.1 or
6.514 was used for model building procedures and as graphical inter-
face. Force-field parameters were taken from the built-in force fields,
which were in some cases modified versions of the classical published
versions. OPLS-AA and Amber* produced very similar results; the latter
was subsequently chosen for all minimizations and Monte Carlo simula-
tions. Minimizations were initially carried out in the gas phase, then in
aqueous solution. Most complex structures were virtually identical under
both conditions; this indicates strong enthalpic preference and hence sta-
bility of these arrangements. Energy minimizations were conducted over
1000 iterations on a Silicon Graphics O2 workstation or IBM workstation
RS/6000 34P model 260. The best structures were subjected to conforma-
tional searches with 5000-step Monte Carlo simulations.
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