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Abstract. The results ofH NMR binding studies of mole- guest molecule enters the tweezer’s cavity through the open
cular tweezergawith various aliphatic and aromatic cations sides of the host, a second mechanism is available in which
in organic solvents are described. By the use of the viologenthe substrate enters the cavity through a gap emerging after a
substrated1 and12 bearing bulky endgroups and therefore substantial spreading of the tweezer’s tips by at least of about
having a dumb-bell topology it could be demonstrated tha280 pm.

besides the obvious mechanism of complexation in which the

Aromatic molecules play an important role in many are<cules of a novel clipped-rotaxane-type, as it has been
as of biological and supramolecular chemistry [1] ancalready shown for the syntheses of rotaxanes and cat-
their noncovalent interactions with other aromatic unitenanes by Vogtle and Stoddart [8].

(7= or arene-arene interaction) [2] and positively

charged ions (catiorrinteraction) [3] are of particular _ _

importance in the formation of superstructures [2—4]Results and Discussion

The design of efficient synthetic receptors with the ab- , _

ility to selectively bind substrates in solution requiresPU€ to the ribbon-type concave topology the five ben-
precise control of both their electronic and topologica?€N€ units of molecular tweezea define a cavity in
properties. Besides the frequently used cyclic receptor&hich a substrate can be bound by multiple noncova-

of the cyclophane-type [5] non-cyclic receptors with cav-'em inte_raction. The magnetic anisotropy of these ben-
ities of flexible size proved to be very effective [6]. We ZEN€ units makes ttil NMR spectroscopy to be a very

have recently reported on the synthesis and some sg§ensitive probe to detect the complexation of substrate

pramolecular properties of the hydrocarbon compound@'0lecules bound inside the cavity I [7]. From the
laandlb, which due to their ability to selectively bind results obtained in binding studies with small electron-

electron-deficient aromatic and aliphatic substrates agéficient aliphatic substrates (GEN, CH,(CN),,

well as organic cations can be regarded as molecul&raNO,) [7a] and intramolecular complexation of flex-
tweezers [7]. Here we report on the binding propertie&’!® aliphatic sidechains [7b] we already know that the
of the benzene-spaced molecular tweezar®wards cavity of 1la has an almost ideal size for the binding of
various aliphatic and aromatic cations in organic soluMethyl or methylene groups. Bec,ause of the very elec-
tion and attempts to use this binding motive for the temtron-rich character of the tweezer's concave side [9] we

plate synthesis of mechanically interlocked supermoleSUPP0sed that ammonium ions also should be suitable
substrates due to multiple catiamAteractions with the

hostla

Due to the different solubility properties of the hy-
drocarboriaand ionic substrates only CD@GInd mix-
tures of CDC] and (CD),CO (v/v 1:1 or 1:2) can be
used as solvents. Most of the primary ammonium ions,
however, are nearly insoluble in CDGir CDCL/
(CD,),CO mixtures even as PFsalts. Therefore, we
performedH NMR bindings studies only with the bet-
ter soluble secondary ammonium saltsp-diititylam-
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monium tetrafluoroborat@(BF,") and dibenzylammo- *H NMR titration experiments at room temperature. It
nium tetrafluoroborateX(BF,"), respectively, in CDGl is worth mentioning that the compl&@ lashows the
largest upfield shift&4J, ., = 6.0 ppm) indicating that
the complex geometry might be different to those of the
/\/\H/\/\ H yio!ogene complexei@émaxz 2.8—3.2 ppm). Further
e He insight should be gained by crystal structure analyses,
but so far no suitable crystals®® lacould be grown.
3 4
Table 1 Association constants, (M-1), Gibbs reaction en-

_ N thalpiesAG (kcal mot?), and maximum chemically induced
While the addition of hosla had no effect on the shiftsAd_.. of complexes witlia as receptor at 21°C. If no

1H NMR spectrum ofl, thelH NMR signal assigned to experimgﬁlxtal error is given, the maximum erroKgfs esti-
the a-protons in3 shows a dramatic upfield shift after mated from the uncertainties in the determination of the con-

the addition ofLa (NH-protons could not be detected centration, chemical shiftstc to be + 10%.

under the experimental conditions). The associatioguest = CDCJ(CD,),CO K, AG DS,
constanK, = 30 Mt and the maximum chemically in- (Vv) (M™)  (kcal/mol)  (ppm)
duced shifiAg,, . = 3.2 ppm (upfield) were determined 3BFS 1:0 30 20201  3.2H)
at 21 °C from the dependence of the chemical shift of

thea-protons in3 ([3-BF,] = const.) on the concentra- >Pk~  1:1 19+3 -17+01 6.0(2H)

tion of 1a by fitting the data to the binding isotherme .. .. B )
by iterative methods [10]. The observation that the6 2P 1:2 > 24x01  15(2H)

chemical shifts of the other guest protons were not sigr.2pPr- 1:1 120 -28+0.1 1.6(2-H)
nificantly affected by the presence b& (Ad,,,, = 1:2 70 -25+01  1.4(2-H)
<0.1 ppm) suggests a complex geometry in which th L

tweezerlais threaded with the chain-like substrate com—%'zp':6 1:1 130 2901 16(H)
parable to a pseudorotaxane [8, 11] with the positivelyg.zppe— 1:1 130 29+01 1.6 (2-H)
charged nitrogen centered in the cavity [12]. The find-

ing, that4 is not complexed by the molecular tweezer10BF,~ 1:1 23+3 1901 25

lain CDCIl,, can be rationalized by the steric shielding

of the ammonium center by the bulky benzyl substitu-

ents. It should be noted that neither the neutrat-di-  From this data it becomes evident that the monoca-

butylamine nor the tertiary tm-butylammonium tion 5 forms a weaker complex witha than the dica-

tetrafluoroborate is complexed By, most likely be-  tions6-9. As expected the binding strength decreases

cause the uncharged amine is not sufficiently electrorwhen the amount of acetone, a competitive solvent due

deficient and the tertiary ammonium salt does not fitto its Lewis basicity and, thus, its ability to solvate the

into the cavity ofladue to its more spherical topology. cationic substrates better than chloroform, is increased.
The calculated structure (molecular mechanics, AM-
BER*) of the complex8@ lasuggests that the forma-

@ tion of a 1:2 comple8@(1a), might also be possible
CNCECHS 27 N/ N2, @ when using the dicationic viologene substrates because
\_/ = — the cationic nitrogen is centered in the cavityafFig-
6 R=CH, ure 1). For the complexati@with 1athe complex sto-
5 7 R=(CH3)sCH3 10 chiometry was determined to be 1:1, by using Job’s
2 22%2:338:3 method (Figure 2, Table 2) [17]. The calculated struc-

ture of the 1:1 comple&@ 1lais in excellent agreement
with the findings that the maximum chemically induced
From earlier solid-liquid extraction experiments weshifts are large for the 2-H protonA{,,, = 1.4—
already know thata forms a 1:1 complex soluble in 1.6 ppm) and the-CH, protons Aa,,, = 2.0—2.2 ppm)
CDCl, with N-methylpyrazinium iodide which by it- but quite small for the 3-H protor&d,,., = < 0.5 ppm).
self is insoluble in chloroform [7a]. Inspired by this As we have shown earlier the complexation of ben-
observation, we studied the binding propertied@f zenoid aromatic substrates requires a substantial dis-
towards serveral cationic aromatic substrates, such aertion of the flexible tweezer molecula from its re-
5-PF;~and the viologene derivativés2PF;~—9-2PF~  laxedC,, structure because of its relatively small cavi-
and the tropylium salt0-BF,~ which are soluble in ty [7a]. Therefore it was surprising to us that the even
mixtures of CDC] and the more competitive solvent bigger tropylium ionl0 is also complexed bga in
(CD,),CO [11]. Table 1 summarizes the results fromCDCI,/(CD,),CO 1:1 K, = 23 M, 21 °C). We would
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Fig. 1 Side view of the structure of compl&@lacalculated by the use of molecular mechanics (MacroModel 5.0, AM-
BER*). The molecular tweezdn is threaded with the chain-like substrate with one of the positively charged nitrogen atoms
centered in the cavity dfa.

like to emphasize that the complEX@ lais a charged, The finding that the nature of the rest R of the violo-
all hydrocarbon superstructure stabilized by abougene substrates-9 has neither a significant influence
2 kcal/mol compared to the isolated, solvated molecuen the association constéaff nor on the dynamics of
lar moieties. complexation, indicated by similar line widths in all
NMR experiments [13], leads us believe that the bind-

9.00 - ing event does not have to ocetm a threading of the

P ribbon-type tweezeta over the sidechains of the vio-
8.00 1 % % logene substrates (mechanism A in Figure 3), but by a
7.00 clipping process through the tweezer’s tips over the al-
6.00 kane chains or the paraquat units of the substrates (mech-

anism B in Figure 3) [8Db].

5.00 -

4.00 X <

[B@1a] [10°°M]

3.00 A
2.00 A

1.00 A

|/
A
0.00 T T T T )
0.00 0.20 0.40 0.60 0.80 1.00
X [8]

Fig. 2 Job-Plot for the complexation & 2PF~ by 1a in

CDCly/(CD,),CO 1:1 at 21 °C. The maximum at a molar frac

tion ¢ of substrat® indicates a 1:1 stochiometry. See Table

for experimental details. B

Fig. 3 Schematic representation of the two possible mecha-
Table 2 Determination of complex stochiometry by the use nisms of complexation. In mechanism A the substrate enters
of Job’s method. Portions of the solutions of molecular tweezeghe cavity through one of its open sides, while in mechanism
([1&, = 1.9x106° M) and substrate§{2PF],=1.9-163M) B the substrate enters through the bottom after a spreading of
were mixed so that the totalconcentratiorief {+8-2PF ], the tweezer’s tips.
was constant in each mixture. The concentrations of the com-
plex [B@14 were calculated from the measurdd values

with aAd, ., = 1.55 ppm obtained from thE NMR titration 0N NO,

n (e OO el
COCHz—(HZC)g—NO—CN—(CHZ)g—HZCOC

v(mL) V(mL) AS X (8@19 =

(1a) (8-2PF) (2-H) [8] (105Mm) 0N 11 NO,

0.85 0.15 0.22 0.15 4.1

0.65 0.35 0.18 0.35 7.7 ®/=\ / \@

0.50 0.50 0.14 0.50 8.6 CHANG X N

0.35 0.65 0.10 0.65 8.0

0.15 0.85 0.04 0.85 4.2 12
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Fig. 4 Schematic representation of the possible synthetic routedippad-rotaxantype supermolecul®, which would be a
stable interlocked species if the proc€ss. D (andvice versawas not observed.
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(stopper$ of 11 and 12 a threading process (mecha-
nism A in Figure 3) should not be possible so that if
complex formation is observed, it must proceithe
clipping mechanism B (Figure 3).

If the complex formation can only occuia the
threading mechanism A (Figure 3) it should be possible
to synthesize a thermally stable mechanically interlocked
clipped-rotaxaneype supermolecule of type D (Fig-
ure 4).

To evaluate, if the viologene derivatité already

75 70

o) equipped with 3,5-dinitrobenzoyl stopper groups forms

CHCl, ANBE' 1a with 1a the complex11@1a, a solution of9-2PF~

(1.5x103 M in CDCL/(CD,),CO) was treated with 3

AA'BB 12@1a equivalents of 3,5-dinitrobenzoylchloride and 2 equiv-
_50°C| alents triethylamine and stirred at room temperature until

Ar-CH; 12@1a full conversion leading t@1 was detected b4 NMR
2H 12@1a AH 12@1a Ar-CH, 12 [14]. Upon addition of 2 equivalents of the molecular

2-H12 +3H12

+Ar-H 12

3-H 12@1a

tweezerlato this solution a significant upfield shift of
theH NMR signals of the protons of 11 in the @<
8.92 ppmAd=0.39 ppm) and 3-positiod € 8.47 ppm,

A y A6 =0.22 ppm) as well as tleCH,'s with respect to
T es se s 80 T e es eo ss the nitrogen § = 4.33 ppmAJd = 0.54 ppm) were ob-
oo ' served while chemical shifts of other protons were not

affected. This observation demonstrates that complex

Fig. 5500 MHz'H NMR spectra of a mixture dfa(5.5x10°  formation is still possible despite the presence of the
M) and 12.2PF- (2.2-16° M) in CDCL/(CD,),CO 1:1 at 3 5 dinitrobenzoyl stopper groups.
21 IOC (top) and —50 ;C(ébgétom).)At %1300 thgaggallszof the " The complexatiowia the clipping mechanism could
viologene protons in 2- (9.25 ppm) and 3-position (8.12 ppm i
are shifted upfield with respect to their position in the ab_)gglIcisg]eo\r/]i?)tlgagtg?]ee;/l?gs?rz:ttgrubgo;hr?]i;J(isneg cc))ff E:ho?o(rjumb
sence of hosta (9.41 ppm [2-H], 8.67 ppm [3-H]). At =50 . i )
o Kt o STtz G men o5 SOlons casntiz o n COYCO)C,
e observed. :
and12 in a molar ratio of 1:1. Figure 5 shows the
H NMR spectra of mixtures ofa and 12-2PF- in

To find out which of the supposed mechanisms iS<CDCly/(CD,;),CO 1:1 at room temperature and at
used for the complex formation @& with viologene —50 °C.
derivatives, the complexation of the potential substrates From the spectrum at 21 °C it can already be seen
11 and12was studied. Because of the bulky endgroupghat 12 is complexed byla and that the rate of com-
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plexation is slower than that of the other viologene sub¢mechanism B), we have performed model calculations
strates (indicated by the line broadening of the signal§molecular mechanics, AMBER* and MM3*) withe
assigned tdl2). At =50 °C, however, the complexa- and biphenyl as a substrate. In these calculations we
tion/decomplexation equilibrium is frozen out and sep-positioned one aromatic ring of the biphenyl substrate
arated signals for free and complexi2ican be ob- between the tweezer’s tips, which may correspond to
served. The assignment of the signals was achieved lilge transition state of the complex formation between
a phase-sensitive 2D-NOESY experiment (mixing timela and biphenyl, and optimized the structure. Then we
1.0 s) showing cross-peaks between signals involved imeasured the H-H distances between the terminal H-
a dynamic exchange process (Figure 6). atoms (2-H---14-H and 3-H---13-H, respectively) and
compared it to the corresponding distances calculated
for the empty tweezela (Figure 7).

(ppm)

: tea

uU

L 253 pm
Gl 534 pm

L 180
El Fig. 7 a) Superimposition of the energetic minima of struc-
tures calculated with the two force-fields AMBER* and
MM3*. The model substrate biphenyl is forced to be planar,
and the position of one of its rings is constrained between the
tweezer’s tips. b) Front view of the superimposed calculated
structures (AMBER*) of the empty tweezer (H-H distance
253 pm) and the tweezer in its spreaded geometry (534 pm).

. . . According to these calculations this spreading requires onl
Fig. 6 500 MHz 2D-H,H-NOESY (mixing time 1.0 S) SPEC- ' pealimol of axtra atraia eneray. P greq y

trum of the same sample described in Figure 5 at —-50°C.
Dynamic exchange processes are indicated by cross peaks
between corresponding peaks (see Figure 5 for assignments).

‘188

r9.6

(ppm) g

By the use of the AMBER?* force field we calculated
a spreading from 253 pm in the emfiyto 534 pm in

The observation that the chemically induced upfieldthe "transition state” (MM3*: 291 to 568 pm). We also
shifts are different fot2 (AJ,,,(3-H) = 3.50 ppmA4,,,,  calculated that the dramatic distortion of the geometry
(2-H) = 0.83 ppm, and4,,,,, (a-CH,) = 0.19 ppm) from  of 1a requires only 4.2 kcal/mol (AMBER*) and 1.0
all other viologene substrates can be rationalized by thiecal/mol (MM3%*), respectively, of extra strain energy
steric repulsion that would emerge between twekaer which demonstrates the surprising flexibility of the twee-
and the 3,5-dtert-butylbenzyl substituents df2 in a  zer. In order to gain some information on the activation
complex geometry in which the host is located at a possarrier of mechanism B, we compared the steric ener-
itively charged nitrogen similar to the one depicted ingies of the geometrically optimized complex biphe-
Figure 1. Therefore, in the caseld@lathe ribbon- nyl@la (AMBER*: H H distance: 410 pmE =
type tweezella seems to be located around the centeR29.2 kcal/mol) with the "transition state” of the com-
of the paraquatunit to avoid this steric repulsion, thusplex formation (AMBER*: H H distance: 534 pg,=
resulting in a largéd,,, for the viologene protons in  242.5 kcal/mol). The differenasE = 13.3 kcal/mol can
the 3-position. From the coalescence of the signals d&te considered to be a rough estimate of the expected
0=5.2ppmand 8.7 ppmdd=3.5 ppmAv=1750Hz) activation barrier. These calculations are in good agree-
assigned to 3-H of 12 in the complgE@1aand free  ment with the experimental findings and the results from
12, respectively, at (2885) K the rate constaktofthe  crystal structure analyses and earlier molecular mechan-
complexation/decomplexation process can be estimates and semiempirical calculations [7, 15].
ed to be ke 2.22 -Av = 3890 st and, hence, the Gibbs  Consequently, in solution [16] none of tblpped-
activation enthalpyAG*-to be ca. 12 kcal/mol. To an- rotaxanetype supermolecule investigated here is sta-
swer the question, by how much the tweezer’s tips haviele at room temperature because due to the unexpected
to spread apart from each other to allow a viologendexibility of 1aa spreading of the tweezer’s tips allows
substrate to enter the cavity through the bottorhaof the axle to escape from the tweezer.
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The experiments presented here prove that the hyemethane and drieih vacuo For the anion exchange the
drocarbon tweezdradue to its electronic and topolog- crude9-2Br- (0.5 g, 0.8 mmol) was dissolved in methanol
ical properties [9] has the ability to selectively bind not(30 mL), saturated agueous ammonium hexafluorophosphate
only neutral electron-deficient aromatic and aliphaticSelution (ca. 5 mL) and water (20 mL) were slowly added.
substrates [7] but also cationic substrates in organizhe precipitated colorless solid was filtered off and dined

. : . . vacua The crude product was recrystallized from acetone/
media by the use of multiple catigninteractions. We water to yieldd -2PF.- (450 mg, 74%) as a colorless solid. —

are currently invgstigating the binding.popertie_s of qmp. 265-270 °C (dec.). — IR (KBryjcnr! = 3602 (OH),

water-soluble derivative dfato transfer this novel bind- 3139 (cH), 3073 (CH), 2923 (CH), 2851 (CH), 1644 (C=C),

ing motive to aqueous solutions [16]. 833 (PF), 557 (PF). — FAB-MS (glyceringyz (%) = 615 (1.5)
[M*— PF, ], 470 (100) [M — 2PF], 313 (27) [M —2PF, -

We thank Mr. Heinz Bandmann for performing the 1D- andC, H,OH]. —H NMR (300 MHz, CQCN): dppm = 8.91

2D NMR experiments. M. K. gratefully acknowledges the (d, 4H,3)(2-H, 3-H) = 8.0 Hz, 2-H), 8.38 (d, 4H, 3-H), 4.62

WASAG Stiftung for financial support. This work was sup- (t, 4H, 3J(5-H, 6-H) = 7.4 Hz, 5-H), 3.47 (m, 4RJ(13-H,

ported by the Deutsche Forschungsgemeinschaft (Sondet4-H) = 7.4 Hz, 14-H), 2.45 (t, 2R)(O-H, 14-H) = 6.5 Hz,

forschungsbereich SFB 452) and the Fonds der Chemische&d-H), 1.99 (m, 4H, 6-H),1.25-1.55 (m, 28 H)13c NMR

Industrie. (75 MHz, CDCN): &/ppm = 26.43 (t), 26.53 (t), 29.48 (1),
29.87 (t), 30.06 (t), 30.08 (t), 31.84 (t), 33.50 (t), 62.50 (t),
63.05 (t), 128.09 (d, C-3), 146.46 (d, C-2), 150.82 (s, C-4).

Experimental CaHsoF1oN,O.P, Calcd.: C47.37 H6.63 N 3.68
(760.67) Found: C47.59 H6.64 N 3.45.

IR: Bio-Rad FTS 135. — UV: J+M Tidas FG Cosytec RS

422. -1H NMR, 13C NMR, DEPT H,H-COSY, C,H-COSY, N,N-Bis-(3,5-di-tert-butylbenzyl)-4,4'-bipyridimium

NOESY, HMQC, HMBC: Bruker AMX 300, Bruker Avance hexafluorophosphatél2 -2PF,")

DRX 500;1H NMR titration experiments: Varian Gemini XL

200; the undeuterated amount of the solvent was used as

internal séalt}?ard. V:/hen mlxktures OffCQ@hg t(C?E)ZgO mL) was heated under reflux for 3 h. After cooling to room
were used, the;-acetone peak was referenced to 2.05 ppm. o haratyre the solidified reaction mixture is diluted with
All melting points are uncorrected. — All solvents were d's'dichloromethane (50 mL), and the yellow dibromi@2Br-
tilled prior to use. (7.5 g, 95%) is filtered off and dried vacuo For the anion
Determination of K. *H NMR titration method exchange the crudk2 -2Br- (0.50 g, 0.78 mmol) was sus-

o ) . pended in water (20 mL), and methanol was added slowly
In the titration experiments the total substrate concentratiofyntj| all of the dibromide is dissolved. Saturated aqueous am-
[S], is kept constant, whereas the total receptor concentratiogonium hexafluorophosphate solution (ca. 0.5 mL) was ad-
[R], is varied. This was done in the way, that a defined amounded slowly, the precipitated crude product filtered off, washed
of the receptor R was dissolved in 0.5 ml of a solution conyhoroughly with water and drieid vacuoto yield 12 2PF;
taining the substrate concentration,[8is determined from (g 55 g 93%) as a colorless solidm.p. 235-238 °C. —
the chemical shift of the pure substrate and the chemical shifk (kBr): vicmr = 3137 (CH), 3072 (CH), 2960 (CH), 2905
of the substrate measured in tHeNMR spectrum (200 MHz, (CH), 2867 (CH), 1638 (C=C), 833 (PF), 557 (PFH-NMR
21 °C) of this mixture. Successive addition of further solu-(500 MHz, CDCld-Aceton 1:2):dppm = 1.28 (s, 36H:
tion containing [§] leads to a dilution of the concentration gyty|-H), 6.06 (s, 4H, benzyl-H), 7.54 (s, 6H, 2-toluyl-H, 4-
[R], in the mixture while [§]is kept constant. The measure- to)yy|-H), 8.71 (d, 4H3J(2-H, 3-H) = 9.0 Hz, 3-bipy-H), 9.45
ment of the chemical shift of the substrate dependent frongy 4H, 2-H). -3C NMR (126 MHz, CDCJd,-Aceton 1:2):
the concentration [R]affords the data pair&é and [R]). &ppm = 30.87 (q), 34.78 (s), 65.65 (1), 123.82 (d, toluyl-C-2),
The fitting of the data to the (1:1) binding isotherme by iter-124 14 (s, toluyl-C-3), 127.44 (d, toluyl-C-4), 131.20 (s,
ative methods [10, 17], gives the paramekerandAd;,, toluyl-C-1), 145.65 (d, bipy-C-3), 150.04 (s, bipy-C-4), 152.44

A solution of 4,4'-bipyridine (1.7 g, 11.0 mmol) and 1-bro-
methyl-3,5-ditert-butylbenzene [19] in acetonitrile (20

. . (d, bipy-C-2).
Molecular Mechanics Calculations C,HsF NP, Caled.: C56.34 H6.38 N3.28
All calculations were performed on a SGI Indy 4400 with the (852.19) Found: C56.12 H6.40 N3.33.

program MacroModel 5.0 [20]. Optimized complex geo-
metries were calculated from a minimum of 500 different start-
ing geometries by the use of the MonteCarlo (MC) algorithmReferences
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