C ﬁayter Two

The Influence of
Macrocyclic Polyether Constitution
upon Ammonium Ion Binding

“One ring to rule them all, One ring to find them,
One ring to bring them all and in the darkness bind them”
J R R Tolkien
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Abstract: A range of crown cthers with either [24]crown-8 or [25]crown-8 constitutions have been
demonstrated to form pseudorotaxanes with para-disubstituted dibenzylammonium ions, in solution, the
‘gas phase’ and the solid state, by 'H NMR spectroscopy, liquid secondary ion mass spectrometry, and X-
ray crystallography, respectively. Substitution of the [24]crown-8 framework with increasing numbers of
benzo rings is observed to lower the stability constants (K,’s) from >103 to ~0 M~! in acetonitrile. A
pronounced decrease in K, values also occurs when the [24]crown-8 constitution is expanded to give a
macroring containing 25 atoms — a modification that not only increases the size of the macrocyclic cavity,
but also disrupts the O—C—C—-O repeating unit in the macrocycle’s backbone. In contrast with the other
macrocycles, when tetrabenzo[24]crown-8 (TB24C8) is mixed with dibenzylammonium hexafluoro-
phosphate (7-PF) in non-competitive solvents, the thermodynamically-driven noncovalent synthesis of the
threaded 1:1 complex does not occur. However, on crystallization from solution—in a process that is
presumably kinetically-controlled—TB24C8 molecules and 7" cations form an array of [2]pseudorotaxanes

stabilized by a plethora of [C—H---F] hydrogen bonds to highly-ordered, interstitially-located PF4 anions.

2.1. Introduction

The serendipitous discovery of crown ethers by Pedersen! just over thirty years ago is
arguably the origin of many aspects of supramolecular chemistry? as we know it today.
Although not the first to synthesize macrocyclic polyethers, it was Pedersen who
realized their importance in the context of host-guest chemistry, and went on3 to
investigate the binding properties of crown ether hosts with a wide variety of cationic
guests. Among the many guests studied*> in later years were the ammonium (NH,") and

primary alkylammonium (RNH;") ions, which were shown®—by Cram and others—to

R bind (Figure 2.1) dibenzo[18]crown-6 in a face-to-
’Nﬁo o .
O~ N H™ @ face manner. The binding of secondary dialkyl-

@0 H'DJ

Figure 2.1. The face-to-face interaction  until recent times, whereupon it was discovered
between DBI8C6 and a primary

ammonium ion. that, if a [24]crown-8-containing macrocyclic

ammonium ions (R,NH,") was largely unexplored’

polyether is employed, the R,NH," ion can interpenetrate fully (Figure 2.2) the
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macrocyclic cavity, generating a so-called pseudorotaxane in which the cation is threaded
through the center of the crown ether. This breakthrough heralded the arrival of
a new paradigm for the construction of (1) discrete interlocked molecules,’ and (2)

extended interwoven supra-
— = ) - p
v v

molecular arrays.!0  For com-

Ring Thread [2]Pseudorotaxane
Il Il Il plexes exhibiting 1:1 stoichio-
0-—0= .\ = metries, only dibenzo[24]crown-
(o] (o)
of ‘orehe = S
Lo 03 s - £ BT 8 (3) (DB24CS8) has been studied
X-Ray

in detail, revealing that the self-
Figure 2.2. Top: A schematic representation depicting the &

formation of a threaded 1:1 complex (a Pseudorotaxane)
formed between two complementary species, whereupon the
cavity of a suitably-sized Ring-shaped component is skewered .
by a linear Thread-like one. Bottom: A specific example of ~ Totaxane proceeds  with  the
this concept showing how the dibenzylammonium cation 7

threads through DB24C8 (3). formation of both N*—H--O and

assembly!! of the [2]pseudo-

C-H---O hydrogen bonds, augmented by electrostatic and aromatic—aromatic interactions.
More recently, it has been demonstrated!? that the judicious substitution of the phenyl
rings of the dibenzylammonium ions allows for the ‘fine-tuning’ of this supramolecular
system. Indeed, a linear free energy relationship exists between the stability constants
(Ky’s) for the formation of the pseudorotaxanes and the Hammett substituent constants
(0). This Chapter describes how changing the crown ether host, as opposed to the

thread-like guest, alters the K,’s for pseudorotaxane formation.

2.2.  Synthesis

The crown ethers (Chart 2.1) chosen for this investigation included [24]crown-8 (1)

(24C8)13 and three known derivatives with one, two, and four fused benzo-rings —
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namely benzo[24]crown-8 (2) (B24C8),14 DB24C8 (3),!5 and tetrabenzo[24]crown-8 (4)
(TB24CB8),16 respectively. Two macrocycles (5 and 6) with a [25]crown-8 constitution
were also investigated. Dibenzo[24]crown-8 (3) is available commercially, and the other
three [24]crown-8-based macrocycles under investigation were prepared according to
literature procedures!3:1¢ or modifications thereof.!4 The synthetic pathway leading to
the formation of benzometaphenylene[25]crown-8 (5) (BMP25C8) is depicted in Scheme

2.1. Tosylation of the dioll7 10, under standard conditions, afforded the ditosylate 11.

O‘\ o_\ O’\
o gy TsCl/4-DMAP o Ors HO o P
<: :) _— = - = |: :
o jH EtsN /CHyCly o st Cs,CO4 / MeCN o) j
'\/o\,/o 64 % ‘\/0\’10 Reflux Lo \JO
10 11 83 % 5

Scheme 2.1. The sythesis of BMP25C8 (5).

Subsequent macrocyclization of 11 with catechol, in the presence of base, gave the crown
ether in good yield. A sample of the [25]crown-8-based macrocycle 6, was provided!8 by
the Bartsch group at Texas Tech University. The dibenzylammonium salts 7-PF and

8-PF, were prepared according to literature procedures.8v:12  The diester 9-PF, was
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prepared simply from the corresponding amine® upon protonation (HCI / H,0) and

anion exchange (NH4PF4 / H,0).

2.3.  Mass Spectrometric Studies

It is evident (Table 2.1) that all of the crown ether hosts—i.e., 1-6—form 1:1 complexes
with each of the secondary dibenzylammonium ion guests—i.e., 7"—9"—in the ‘gas

phase’, as demonstrated by liquid secondary ion mass spectrometry (LSIMS). In each

Table 2.1. Relative intensities of complexed and uncomplexed species in the ‘gas phase’ as determined by
LSIMS.(@

Relative Intensities of Mass Peaks (%)

Guest Observed Species [24]Crown-8 ring [25]Crown-8 ring
1 2 3 4 5 6
7-PF Free Guest (71) 47 48 46 175 200 141
(R=H) Free Crown (1-6) 40 11 7 33 6 7
1:1 Complex 100 100 100 100(®) 100 100(®)
8-PF, Free Guest (8") 24 30 30 53 115 55
(R = Br) Free Crown (1-6) 10 18 22 96 12 17
1:1 Complex 100 100 100 100 100 100
9-PF, Free Guest (97) 28 37 29 51 68 44
(R =CO,Me) Free Crown (1-6) 13 20 10 37 4 8
1:1 Complex 100 100 100 100 100 100

(a) The spectra were obtained on a VG Zabspec mass spectrometer, equipped with a cesium ion source and
utilizing a m-nitrobenzyl alcohol matrix. (b) These values were scaled to 100 to aid comparisons between
systems.

case, analysis of an MeCN solution!® containing equimolar quantities of crown ether and
dibenzylammonium salt, afforded a spectrum in which peaks were observed for (1) the

crown ether adduct with Na™, (2) the uncomplexed dibenzylammonium cation, and (3) the
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1:1 complex formed between host and guest. For example, the LSI mass spectrum (Figure
2.3) obtained from an MeCN solution containing an equimolar mixture of DB24C8 (3)
and 9-PF, shows three such peaks, at m/z values of 417, 314, and 762, respectively.

Although a peak corresponding to a 1:1 %
100 7

762

complex does not necessarily infer

80 1
pseudorotaxane formation, the relatively

high intensities recorded in Table 2.1 for all ]

these species suggest very strongly?0 that ~ *°1 _

they are indeed pseudorotaxanes and not 20 1
471

just face-to-face complexes. Furthermore, 1 P B tl —e—l
250 350 450 550 650 750 850 m/z

it should be noted that the signals arising Figure 2.3. The LSI-mass spectrum of a 1:1

. . mixture of DB24C8 (3) and 9-PF.
from complexes involving crown ethers 4—6

are much less intense than those for 1-3. Although these mass spectrometric studies are
by no means quantitative, this observation implies that TB24C8 (4) and the two
[25]crown-8 macrocycles (5 and 6) bind dibenzylammonium ions less strongly than do

the crown ethers 1-3.
2.4. Solution Phase Studies

Each crown ether was mixed with an equimolar amount of the appropriate
dibenzylammonium salt and their 'TH NMR spectra (400 MHz, CD;CN or (CDj;),CO,
300 K) were recorded. In most cases, three different sets of resonances were observed,

which could be assigned to (1) the free crown ether host, (2) the uncomplexed guest, and
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(3) the 1:1 complex formed between the host and guest. This spectroscopic behavior
indicates that the complexed and uncomplexed species are equilibrating slowly on the 'H
NMR timescale, allowing K, values (Table 2.2) to be calculated utilizing the so-called

single-point?! method.

Table 2.2. The stability constants (K,’s) calculated for the formation of pseudorotaxanes incorporating
crown ethers 1-3, 5 and 6 with guests 7-9-PFy.

K, (M) {300 K, 10 mM, CD;CN}

Guest R [24]Crown-8 ring [25]Crown-8 ring
1 2 3 4(@) 5 6
7-PFq H 1700 470 320 ~0(0) —(©) —(©)
8-PF¢ Br 3500 720 800 ~0 —© —(©
9-PFq CO,Me 4500 880 1100 ~0 ~50(d) 270

(a) Measurements made on TB24C8 (4) were conducted at 5 mM in CD3;COCDs3. (b) Although no
binding can be detected in solution by this method, this host/guest system has been shown (vide infra) to
co-crystallize to give the [2]pseudorotaxane. (c) In these cases, the spectra consist of broadened peaks,
indicating that the complexed and uncomplexed species are not equilibrating slowly enough on the 'H
NMR timescale to use the single-point method to determine K, values. (d) Since the complexed and
uncomplexed species are not equilibrating slowly on the 'H NMR timescale at 300 K, the stability
constant was determined at lower temperatures (243—288 K) where the equilibration is slow and those
values were used to extrapolate to an approximate room temperature value for K.

2.4.1. [24]Crown-8-Based Macrocycles

With the exception of 4, all of the [24]crown-8-based macrocycles formed complexes with
each of the three dibenzylammonium ions (77—9%) in solution. In each case, a spectrum
containing distinct peaks—corresponding to both complexed and uncomplexed
species—was observed, indicating (vide supra) that slow exchange kinetics are in

operation, thus permitting a single-point determination of K,. This phenomenon is best
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exemplified in the 'H NMR spectrum (Figure 2.4) of a CD;CN solution containing an
equimolar mixture of DB24C8 (3) and 9-PF4. In this spectrum, there are two AA'BB'
systems arising from the para-disubstituted aromatic rings of 9%, one corresponding to
the bound species, and the other to the ‘free’ cation. This doubling up of signals—for

both the cation and the crown ether—is observed throughout the spectrum, most notably

Y
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Figure 2.4. Partial 'H NMR spectrum (400 MHz, CD3CN, 300 K), of an equimolar solution of DB24C8
(3) and 9-PF4 (both 10 mM), demonstrating that complexed (c¢) and uncomplexed (uc) species are
equilibrating with one another slowly on the 'H NMR timescale.

for the methylene protons adjacent to the NH,* center. Upon threading of the cation
through the crown ether, the signal corresponding to the CH, group of the
dibenzylammonium ion not only moves considerably downfield (Ad ~ 0.5 ppm), but also
appears as a complex multiplet — rather than the singlet observed for these protons in the
unbound cation. This highly characteristic change in multiplicity—arising as a
consequence of coupling to the now slower-exchanging NH,* protons—is highly

diagnostic,2? indicating that the crown ether is indeed encircling the NH, ™ center.
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Although investigations on the binding characteristics of TB24C8 (4) with
dibenzylammonium salts were hampered by its low solubility in CD;CN, it was
sufficiently soluble in CD;COCD;23 to permit binding measurements to be performed at
5 mM. Inspection of the resulting spectra of equimolar mixtures of this crown ether with
the dibenzylammonium salts 7-9-PF, revealed that there are negligible chemical shift
changes under these conditions and so the K, values can, therefore, be assumed to be

effectively zero.

2.4.2. [25]Crown-8-Based Macrocycles

The 'H NMR spectrum of a CD3CN solution containing equimolar quantities of
BMP25C8 and 7-PF¢ reveals the occurrence of complexation. However, the spectrum
consists of both broad and sharp peaks—rather than a series of sharp, well-defined peaks
arising from the slow exchange of the free components and the [2]pseudorotaxane (as is
the case with the [24]crown-8 analogues 1-3)—indicating that, under the experimental
conditions, neither a slow- nor fast-exchange regime is operating. This behavior precludes
the determination of a stability constant by either the single-point method?! or

dilution/titration24 techniques.

At ambient temperature, the terminal Br and CO,Me groups of 8-PF, and 9-PF,
respectively, did not provide enough extra steric bulk to slow down significantly the rate
of exchange between complexed and uncomplexed species, and similarly broad spectra

were observed. However, sharp signals were observed in the 'H NMR spectra of a 1:1
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mixture of 5 and 9-PF¢ in CD3;CN solution
(Figure 2.5) recorded at 243, 258, 273, and
288 K, respectively. At these temperatures,
equilibration between the [2]pseudorotaxane
[5-9]PF¢ and its free components is slow on
the 'H NMR timescale, allowing single-point
determinations of K, values at each one of
these temperatures. Subsequently, extrapol-
ation of the van’t Hoff plot (Figure 2.6)
obtained using these data gives a value for K,

at 300 K of ~50 M1,

The 'H NMR spectra obtained from
mixtures of either 7-PF4 or 8:PF¢, with the
[25]crown-8-based macrocycle 6, also
contained broad peaks, indicating an
intermediate rate of exchange—with respect
to the !'H NMR timescale—between

complexed and uncomplexed species.

806
COQMe

Hp, (uc) H, (uc) 300 K

Hp () Ha ()

288 K

273 K

258 K

243 K

8.2 8.0 7.8 7.6 7.4 d

Figure 2.5. Partial 'H NMR spectra (the
AA'BB' region) of a 1:1 mixture of BMP25C8
(5) and 9-PF¢ in CD3CN solution over the
temperature range 243-300 K.

However, when its ability to bind 9-PF, was investigated, a 'H NMR spectrum

containing sharp peaks was obtained, indicating that a slow exchange regime was in

operation. In this case, the methoxycarbonyl groups of 9* were sufficiently bulky to
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Figure 2.6. The van’t Hoff plot obtained upon plotting In K, vs 1/T for the K, values determined—using
the single point method—over the temperature range 243-288 K.
slow the passage of 6 over them, enabling the value of K, for this process (270 M-1) to be

determined using the single-point method.

2.4.3. Summary of Solution Phase Studies

As expected,!2 for the crown ethers 1-3, the stability constants increase as the m-electron
densities on the aromatic rings of the dibenzylammonium ion decrease, i.e., on going from
R = H to Br to CO,Me, the K, values become larger. A comparison of how each crown
ether host binds to any one particular guest, shows that, in the case of the [24]crown-8
constitution (1-4), the K, values decrease?> as more of the macroring oxygen atoms
‘become’ phenolic. This observation can be rationalized in terms of the reduced basicity
of these atoms—with respect to dialkyl ether oxygen atoms—and, as such, their

effectiveness as hydrogen bond acceptors is diminished. The crown ethers with
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[25]crown-8 constitutions (5 and 6) presumably have larger cavities than their [24]crown-
8 counterparts, as evidenced by the increase in the rate of exchange between complexed
and uncomplexed species when we consider the binding of either 7-PF¢ or 8-PF. These
[25]crown-8 macrocyclic polyethers also contain structural elements that deviate from the
ideal*d O-C-C-O repeating unit—there is a propylenecoxy moiety in 5 and a 1,3-
phenylenedioxy moiety in 6—disrupting the array of donor atoms directed toward the
center of the crown ether cavity. This distortion seemingly results in a less-favorable
geometry for interaction with the dibenzylammonium cation, hence giving rise to lower K,
values in comparison to the 24-atom-containing macrorings, cf. the binding of 9-PF with

crown ethers 1-3 as compared with 5§ and 6.

2.5. X-Ray Crystallographic Investigations

2.5.1. Background

®

Of
g

X-Ray crystallographic analysis has proven2® to be an

invaluable tool in the charaterization of crown ether/secondary wa
dialkylammonium ion complexes. Since the first superstructure \./yJ
in this series—that of [3-7]PF, (Figure 2.7)—was analyzed,32 ;

many more beautiful examples of solid-state superstructures @g °m°”o
formed from these building blocks—many of which are g,ouojl@

highlighted in Chapter 1—have been uncovered. To further the  Figure 2.7. The X-ray

crystal superstructure of
study of how crown ether constitution affects secondary  [3-7]PF.
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ammonium ion binding, attempts were made to crystallize previously unexplored?’
combinations of the crown ethers and dibenzylammonium salts under investigation in this

Chapter.

2.5.2. Tetrabenzof24]crown-8 (TB24C8)

Although TB24CS8 (4) has been shown to have a negligible affinity for the 7" cation in
solution, the kinetically controlled crystallization of these two components affords a
[2]pseudorotaxane array in the solid state. Single crystals of [4-7]PF, were obtained
upon slow evaporation of a CHCl;/MeCN/n-C¢H;4 (7:3:3) solution containing a 1:1
mixture of the ‘thread’ and ‘ring’ components. The X-ray crystallographic analysis
reveals that the asymmetric unit contains four independent 1:1 complexes, each

possessing (Figure 2.8) a very similar co-conformation,?® with the only significant

Figure 2.8. Ball-and-stick representations of the four crystallographically independent [2]pseudorotaxanes
present in the crystals of [4-7]PF¢ showing the N*~H:-O and C-H:--O hydrogen bonding. The hydrogen
bonding geometries and inter-ring separations are given in Table 2.3.

difference being in the relative orientation of one of the benzyl groups with respect to the

plane of the Cp,CH,NH,"CH,Cp; backbone. The approximate tennis-ball-seam-
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symmetry (D,4) adopted by the
TB24C8 macrocycle is similar to
that observed (vide infra) in
TB24C8-2MeCN. Stabilization of
the individual 1:1 complexes is
achieved (Table 2.3) via the usual
combination of N*—H--O (a and b)
and C-H:-O (¢ and d) hydrogen
bonding interactions, which are
supplemented by face-to-face n—n
stacking interactions whereby benzo
rings A and C of the crown ether
sandwich phenyl ring B of the 7+
cation. These supermolecules are in
turn stabilized by a wealth of
C-H-F  hydrogen = bonding?®
interactions (Table 2.4) originating
from a highly ordered matrix formed

by the associated PF,~ anions. The

Table 2.3. [N*-H:-O] and [C-H---O] hydrogen bonding
parameters a-d and centroid—centroid separations (A) for
pairs of aromatic rings in the four independent
[TB24C8-7]PF¢ supermolecules (Figure 2.8) that exist in
the solid state.

Supermolecule

Interaction a b c d

H Bonding
a
[N*--0] (A) 291 2.96 2.98 2.92

[H--0] (A) 203 208 211  2.03
[N©-H-0] (°) 165 167 163 169
b
[N*--0] (A) 3.05  3.04 299  3.00
[H--0] (A) 220 216 213 2.13

[NT-H-0] (°) 158 164 159 164

c

[C-0] (A) 3.34 3.29 — 3.27
[H--0] (A) 2.51 2.33 — 2.31
[C-H--0] (®) 144 175 — 178
d
[C--0] (A) 3.16 3.14 3.12 3.19
[H-0] (A) 2.32 2.33 2.18 2.43
[C-H--O] (®) 146 141 160 136
[cat---cat]
[A--C] 7.67 7.93 7.90 7.66
[D-+E] 7.96 8.64 7.86 8.09
[cat--Ph]
[A-B] 3.86 3.71 3.86 3.55
[B--C] 3.96 4.23 4.22 4.12

unusual lack of disorder observed for the PF, anions is perhaps indicative of their

participation3? in directing the formation of the overall three-dimensional lattice.

The

PF¢~ anions are embedded (Figure 2.9) into layers of the 1:1 complexes, occupying clefts

(Figure 2.10) formed between each group of four supermolecules.

Adjacent
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Table 2.4. Hydrogen bond lengths (A) for the interactions layers—related by C, symmetry
between the F atoms of the PFg anions and the H atoms

located on either the 7* cation or the TB24C8 ring in the —are almost in register, thereby
four independent [TB24C8-7]PF¢ supermolecules that exist
in the solid state. encapsulating3! the PF;  anions.
S lecul . .. .

tpermoiecule Each anion participates in at least

Interaction a b c d
[F-H(m-Ph)] 260 245 247 255 five  [C-H-F]  interactions,
[F--H(m-Ph)] 255 260 255 — involving no fewer than four of its

2.55 — — —
[F---H(o-cat)] 256 234 252 243 F atoms, to hydrogen bond

[F--H(polyether)] 2.55 2.45 2.47 2.35
2.59 2.54 2.55 2.57

249 — 257 259 rings, (ii) the ethyleneoxy linkages
— — 2.55 2.58

donors located in (i) the benzo

of TB24C8, and (iii) the phenyl

rings of the 7+ cation.

Figure 2.9. (a) Ball-and-stick and (b) space-filling representations (hydrogen atoms omitted for clarity)
showing the layer structure of [4-7]PF.

Although initially the goal was to explore this crown ether’s ability to bind R,NH,* ions,
as the investigations proceeded it became apparent that TB24C8 was an intriguing
compound in its own right. The solid-state superstructures of both solvated (MeCN)32
and ‘free’ TB24C8 were determined.33  Although both superstructures exhibit

cooperative C—H--7 interactions,3437 in the latter, the superstructure is dominated
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totally by these interactions
involving both faces of all the
benzo rings in such a manner that
the resulting three-dimensional

superstructure is held together by

motifs.

Figure 2.10. A space-filling representation (hydrogen atoms
omitted for clarity) of [4-7]PF¢ showing the embedding of
the PF¢ anions into the egg box-like clefts formed in the
layer structure of [2]pseudorotaxane supermolecules.

Crystals of TB24C8-2MeCN were grown by vapor diffusion of Et,O into an MeCN

solution of TB24C8. The X-ray analysis (Figure 2.11) of these crystals showed them to

be an acetonitrile solvate in which the crown ether has a tennis ball seam-like

conformation with approximate D,4 symmetry. Rings A and B, and C and D have

centroid---centroid separations of 8.05 and 7.30 A, respectively, and associated inter-ring

cleft angles of 41 (A/B) and 36° (C/D). Within these clefts are inserted the two MeCN

solvent molecules, each of which are held in place by weak C—H:-O hydrogen bonds

between one of their methyl hydrogen atoms and a
proximal catechol oxygen atom on the TB24C8 rings;
the C—H---O hydrogen bond geometries are C---O, H--O
(A), C-H---O (°), 3.35, 2.45, 153 and 3.56, 2.58, 177,
respectively. There are no n-7 interactions involving

the cyano groups. Although the presence of the

included MeCN molecules inhibits intercomplex n-7

Figure 2.11. The solid-state

stacking interactions, notably there are intercomplex  superstructure of TB24C8-2MeCN.
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Figure 2.12. The C-H--n-linked
supramolecular chain formed by
TB24C8-:2MeCN in the solid state.

C-H---m interactions. In one instance, one of the
polyether methylene hydrogen atoms in one molecule
interacts with the n-system of ring A in another (H-n
291 A, C-H-zm 140°), and there is also an aromatic-
aromatic edge-to-face interaction between ring B in one
molecule and ring C in another (centroid---centroid
separation 5.09 A, with an associated C—H--7 geometry
of Hm 2.86 A and C-H:-z 157°). Perhaps the most
elegant intermolecular interactions are associated with
the insertion of ring C of one molecule into the cleft
formed between rings A and B of another (the A---C and

B---C centroid---centroid separations are 5.12 and 4.99

A, respectively) to form a supramolecular chain (Figure 2.12) which is stabilized by pairs

of cooperative C—H---7 interactions (a: H-m 3.16 A, C-H--7 136° and b: H---m 2.93 A,

C-H-7 142°).

Crystals of TB24C8 grown by vapor diffusion of Et,O into a CHCl; solution of TB24C8

produced crystals free of included solvent. Here, the
crown ether adopts a conformation (Figure 2.13) that
is totally different from

TB24C8-2MeCN, the molecule now having a

that present in

distinctly ‘flattened-out’ and self-filling conformation

Figure 2.13. The solid-state structure

with crystallographic C; symmetry in which rings A of TB24CS8.
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and B are inclined by 59° to each other. This dramatic change in conformation—in
comparison with that observed in the acetonitrile solvate—represents a departure from
the conventional planar geometry38 that extends from the catechol units to include the
two adjacent O-methylene groups in each OCH,CH,O linkage in TB24C8-2MeCN to
one in which there is an approximately orthogonal relationship between the planes of the
catechol rings and one or both of the associated O—CH, bonds in each of the four
OCH,CH,O linkages in the unsolvated TB24C8. The absence of solvent, coupled with
the change in conformation, gives rise to a crystal packing that is totally
dominated/controlled by cooperative C—H---7 interactions that involve all four catechol
rings. These interactions fall into two distinct categories — (i) those utilizing aryl methine

hydrogen atoms meta to the catechol oxygen atoms to link (Figure 2.14a) the molecules to

Figure 2.14. (a) Part of one of the C—H-'% (aryl methine)-linked sheets of molecules present in the solid-
state superstructure of TB24CS8, and (b) the linking of the adjacent sheets by means of C-H--n
(O—methylene) interactions.

form sheets, and (i1) those involving methylene hydrogen atoms to link adjacent sheets

(Figure 2.14b). Another key feature of this C—H---zn-linked superstructure is that all four
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catechol rings have H---z approaches to both of
their faces. In each instance, there is (Figure
2.15) an aryl methine proton approaching one
face of a catechol ring, and an O-methylene
proton approaching the other (C-H-=n
geometries {H-n, C-H-7}: a 2.83 A, 156°; b
2.84 A, 152°;,¢2.76 A, 154°; d 2.82 A 145°). In
the case of all four catechol rings, the pairs of
H---7 vectors (a:b 171° and c:d 174°) are almost

co-linear. It is perhaps surprising that, for a

Figure 2.15. The systematic approaches of
the aryl-methine and O-methylene protons
to the opposite faces of all four catechol
rings (A, A', B and B') in the solid-state
superstructure of TB24CS.

molecule possessing four aryl ring systems, there are no face-to-face z—= interactions.3?

2.5.3. Benzometaphenylene[25]crown-8 (BMP25C8)

Single crystals of the [2]pseudo-
rotaxane [S-7]PF¢, suitable for X-
ray crystallographic analysis, were
obtained from a CD,Cl; solution of
an equimolar mixture of 5 and 7-PFg¢

upon layering with hexanes. The

1:1 complex formed between the

dibenzylammonium cation and

BMP25C8 shows (Figure 2.16) the

Figure 2.16. The X-ray crystal superstructure of the
[2]pseudorotaxane [5-7-H]" formed between BMP25CS8 (5)
and the dibenzylammonium cation 7". Hydrogen bonding
distances and angles {[N'--O], [H--O] distances (A),
[N*-H-O] angles (°)}: (a) 2.91, 2.06, 156; (b) 2.94,
2.31, 127; (¢) 3.08, 2.21, 162.

ion to be threaded through the center of the polyether macrocycle which has an extended
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geometry similar to that in its uncomplexed
state. The two phenyl rings in the cation
are both fairly steeply inclined (by 41 and
68°, respectively) to the near-planar, all-
anti CCH,NH,"CH,C backbone. Stabiliz-
ation of the [2]pseudorotaxane is via
N*—H---O hydrogen bonding, supplemented

by a weak n—= stacking interaction (d in

Figure 2.16) between the catechol ring in the

Figure 2.17. The sheet-like superstructure formed
by the [2]pseudorotaxanes [5-7]". The geometries
of the n—n stacking interactions are (@) centroid-
centroid distance 4.02 A, rings inclined by 12°;
(b) centroid-centroid distance 4.52 A, mean o
interplanar separation 3.68 A; (c) centroid-  Systems are inclined by ca. 12° and have a
centroid distance 3.99 A, mean interplanar

separation 3.71 A. The C—H- interaction (d) is  centroid-centroid separation of 4.02 A. The
characterized by an H-z distance of 2.84 A and a

C-H:m angle of 140°. [2]pseudorotaxanes are linked via a

crown ether macrocycle and one of the

phenyl rings of the cation. These two ring

combination of 7—n and C—H---x interactions to form sheets as illustrated in Figure 2.17.

There are no obvious interactions involving the PF¢ ™ ions.

Once again, although initially the goal was to explore this crown ether’s ability to bind
R,NH," ions, it became apparent that the ‘free’ macrocycle was interesting in its own
right. Single crystals suitable for X-ray crystallographic analysis were grown from an
ethanolic solution upon slow evaporation. The X-ray analysis of BMP25C8 (5) shows
(Figure 2.18a) the macrocycle to have an extended geometry with a fairly large central

pathway through the center of the macroring. The molecules stack along the

68



crystallographic b direction and are linked via pairs of C—H---z interactions (a and b in
Figure 2.18b) involving one of the phenoxymethylene hydrogen atoms of both the
catechol and resorcinol rings and their adjacent counterparts within the stack. These

() &

Resorcinol —O& 08
Stack = £op®

=

Figure 2.18. (a) The crystal structure of BMP25C8 5. (b) Adjacent molecules are stacked by virtue of
pairs of C—H--7 interactions, (a) H---7 distance 2.85 A, C—H--z angle 140°; (b) H---n distance 2.79 A,
C-H--m angle 137°, supplemented by 7n—=n stacking interactions between the resorcinol and catechol
moieties, interactions ¢ and d, respectively. (¢) End-on view of the constricted nanotube formed by the
stacking of BMP25C8 macrocycles.

interactions are supplemented, to a lesser degree, by partial 7—n overlap between the
resorcinol rings and between the catechol rings (¢ and 4 in Figure 2.18b) of adjacent
molecules (the centroid-centroid and interplanar separations are 5.14, 3.44 A and 5.14,
3.52 A, respectively). The combination of these intermolecular interactions produces
(Figure 2.18c) constricted nanotubes that extend through the crystal. Adjacent nanotubes,
in one direction in the crystal, are crosslinked via an additional C—H--7 interaction
between one of the resorcinol phenoxymethylene hydrogen atoms in one stack and a

catechol ring in the next (the H-7 distance is 2.91 A and the C—H--7 angle 148°).

2.6. Conclusions

Thus, it has been shown that certain crown ethers*0 with either [24]crown-8 or

[25]crown-8 constitutions bind para-disubstituted dibenzylammonium ions in solution,
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the ‘gas phase’, and the solid state, as evidenced by IH NMR spectroscopy, LSIMS, and
X-ray crystallography, respectively. When considering the [24]crown-8 analogues, as
more aromatic residues are appended to the macrocyclic framework, the affinity of the
crown ethers toward the dibenzylammonium ions is diminished and, in the case of
TB24C8 (4), no appreciable binding in solution could be detected. Moreover, increasing
the size of the macrocyclic polyether ring from 24 to 25 atoms—necessarily disrupting
the O-C—C-O repeating unit—reduces the K, values for the formation of
[2]pseudorotaxanes, demonstrating that not only substitution effects, but also relatively
small changes in constitution, can alter dramatically the crown ether’s ability to encircle

the secondary dibenzylammonium ion center.

Despite its negligible affinity for secondary ammonium ions in solution, TB24C8 has
proven to be an interesting compound in other respects. It is noteworthy that, in the
solid-state superstructures of both TB24C8 and TB24C8-:2MeCN, although both the
O-methylene and Ar—H protons have the option (which they avoid) of forming hydrogen
bonds to oxygen atoms—which represent better hydrogen bond acceptors than z-
systems#!—and the benzo rings have the opportunity to interact in a face-to-face n—=n
stacking manner, the three-dimensional superstructure is dominated solely by C—H-x
interactions. The exclusive use of this motif could result for a number of reasons,
including (i) the phenolic nature of all of the oxygen atoms in the TB24C8 macroring
which reduces their propensity to act as effective hydrogen bond acceptors, (ii) edge-to-
face geometries which are favored over their face-to-face alternatives because the small

surface area of the catechol rings enhances the electrostatic interactions in preference to
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dispersive ones,3%42 and finally (iii) the C—H---z networks, which extend throughout each
solid-state superstructure and are thus associated with extensive positive cooper-
ativity.4344  Although perhaps the weakest of hydrogen bonds, the role played by
C-H---7 interactions in molecular recognition events is undoubtedly an important one, and
is highlighted in the solid-state superstructures of both TB24C8 and TB24C8-2MeCN. If
there is a take-home message from these investigations of the idiosyncrasies of TB24C8
in the solid state, it is that the weak C—H---7 hydrogen bond should not be overlooked
when considering noncovalent bonding interactions, as it may be present more often than
we think. As Nishio has commented,*> a considerable portion of what in the past may
have been imprecisely defined as ‘hydrophobic interactions’ could well be as a

consequence of C—H---x interactions.

However, as demonstrated in the case of [TB24C8-7]PF,, this weak noncovalent
interaction can be usurped easily by other—more enthalpically favorable—interactions.
This solid-state superstructure appears to be determined by a plethora of stabilizing
C—H:-'F hydrogen bonding interactions to highly ordered, interstitially located, PF,"

anions at the expense of an extended C—H--7 network.

2.7. Experimental

General: Chemicals—including DB24C8 (3)—were purchased from Aldrich and used as
received unless indicated otherwise. The crown ethers 24C8 (1)!3, B24C8 (2),!4 and TB24CS8
(4),'6 and dibenzylammonium salts 7-PF4% and 8:PFg!2 were prepared according to literature
procedures.  Solvents were dried according to literature procedures.*®  Thin-layer

chromatography was carried out using aluminium sheets precoated with silica gel 60F (Merck
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5554). The plates were inspected by UV light and, if required, developed in I, vapor. Column
chromatography was carried out using silica gel 60F (Merck 9385, 0.040-0.063 mm).
Melting points were determined on an Electrothermal 9100 apparatus and are uncorrected.
'H and 13C NMR spectra were recorded on either a Bruker AC300 (300 and 75 MHz,
respectively), Bruker ARX400 (400 and 100 MHz, respectively), or Bruker ARX500 (500
and 125 MHz, respectively) spectrometer, using residual solvent as the internal standard. All
chemical shifts are quoted on the 6 scale, and all coupling constants are expressed in Hertz
(Hz). Liquid secondary ion (LSI) mass spectra were obtained on a VG Zabspec mass
spectrometer, equipped with a cesium ion source and utilizing a m-nitrobenzyl alcohol matrix.
Fast atom bombardment (FAB) mass spectra were obtained using a ZAB-SE mass
spectrometer, equipped with a krypton primary atom beam, utilizing a m-nitrobenzyl alcohol
matrix. Cesium iodide or poly(ethylene glycol) were employed as reference compounds.
Microanalyses were performed by either the University of North London Microanalytical

Service (UK) or Quantitative Technologies, Inc (USA).

1,3-Bis(2-{2-[2-(2-p-tolylsulfonyloxy)ethoxy]ethoxy}ethoxy)benzene (11). 1,3-Bis(2-
{2-[2-(2-hydroxy)ethoxy]ethoxy}ethoxy)benzene 10!7 (10.0 g, 26.7 mmol), Et;N (27.0 g,
267 mmol), and a catalytic quantity of DMAP were dissolved in anhydrous CH,Cl, (100 mL).
This solution was cooled down to 0 °C in an ice bath and TsCl (25.5 g, 134 mmol) dissolved
in dry CH,Cl, (100 mL) was added dropwise over a 3 h period. The reaction mixture was
allowed to warm up to ambient temperature before being stirred overnight. Hydrochloric acid
(5N, 200 mL) was added carefully to the reaction mixture before the organic phase was
recovered and washed with 2N HCI (200 mL) and saturated brine (200 mL). This solution was
then dried (MgSO,4) and the solvents were removed in vacuo to afford a dark yellow oil,
which was purified by chromatography (SiO,: gradient elution with CH,Cl, to 1:1
CH,Cl,/EtOAc) to yield the title compound as a pale yellow oil (11.8 g, 64 %); 'H NMR (300
MHz, CDCls): 6 = 2.42 (s, 6H), 3.56-3.87 (m, 16H), 4.04-4.19 (m, 8H), 6.45-6.54 (m, 3H),
7.14 (t, J = 8.3 Hz, 1H), 7.32 (d, J = 8.2 Hz, 4H), 7.79 (d, J = 8.2 Hz, 4H); 13C NMR (75
MHz, CDCl;): 6 = 21.7, 67.5, 68.8, 69.4, 69.9, 70.9, 101.9, 107.2, 128.1, 130.0, 133.1,
145.0, 160.1; MS (FAB): m/z = 683 [M+H]*; C3,H401,S, (682.8): caled C 56.29, H 6.20;
found C 56.12, H 6.24.
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Benzometaphenylene[25]crown-8 (5). A solution of the ditosylate 11 (5.0 g, 7.3 mmol)
and catechol (0.81 g, 7.3 mmol) in dry MeCN (500 mL) was added dropwise over a 3 d period
to a suspension of Cs,CO3; (11.9 g, 36.6 mmol) in refluxing MeCN (500 mL). After 4 d of
heating under reflux, the reaction mixture was allowed to cool down. Subsequently, it was
filtered to remove inorganic salts. The filtrate was evaporated to dryness and the residue
partitioned between CH,Cl, (250 mL) and an aqueous K,COj5 solution (10 % w/v, 250 mL).
The organic phase was then washed with a further aliquot of aqueous K,COs;, before being
dried (MgSOy). The solvents were removed in vacuo and the crude product was subjected to
chromatography (SiO,: EtOAc/hexane 9:1), yielding BMP25C8 (5) as a white solid (2.73 g,
83 %); M.p. 66-68 °C; 'H NMR (400 MHz, CDCl;): 6 = 3.71-3.75 (m, 8H), 3.81-3.87 (m,
8H), 4.13-4.16 (m, 8H), 6.50 (dd, J = 2.4, 8.0 Hz, 2H), 6.70 (t, J = 2.4 Hz, 1H); 6.89-6.92
(m, 4H), 7.12 (t, J = 8.0 Hz, 1H); 13C NMR (100 MHz, CDCl;): 6 = 68.1, 69.1, 70.0, 71.0,
71.1, 102.8, 107.9, 115.3, 121.8, 129.8, 149.1, 160.1; MS (FAB): m/z = 449 [M+H]%;
Co4H3,04 (448.5): caled C 64.27, H 7.19; found C 64.33, H 7.12.

Crystal data for 5: C,,H;,04, M = 448.5, monoclinic, space group P2,/c (no. 14), a =
17.974(2), b = 5.140(1), ¢ = 24.851(3) A, B =92.93(1)°, V' =2292.8(4) A3, Z=4, p. =
1.299 g em3, u(Moy,) = 0.97 cm!, F(000) = 960, T = 293 K; clear prismatic needles, 0.83
x 0.40 x 0.27 mm, Siemens P4/PC diffractometer, graphite-monochromated Moy, radiation,
w-scans, 4028 independent reflections. The structure was solved by direct methods and the
non-hydrogen atoms were refined anisotropically. The C-H hydrogen atoms were placed in
calculated positions, assigned isotropic thermal parameters, U(H) = 1.2U.4(C), and allowed to
ride on their parent atoms. Refinements were by full matrix least-squares based on F? to give
R =0.062, wR, = 0.151 for 2493 independent observed reflections [|F,| > 40(|F,|), 260 < 50°]
and 289 parameters. All computations were carried out using the SHELXTL PC program
system.47 CCDC 138346.48

Bis(4-methoxycarbonylbenzyl)ammonium Hexafluorophosphate (9-PF4). A solution

of bis(4-methoxycarbonylbenzyl)amine 9% (1.0 g, 3.2 mmol) in MeOH (50 mL) was treated

with 5N HCI (10 mL) and the solvents were removed in vacuo. The resulting white solid was
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dissolved in H,O (50 mL) and an excess of NH4PF4 was added until no further precipitation
occurred. Filtration afforded the title compound as a white solid (1.35 g, 92 %); M.p.
240-242 °C; 'H NMR (400 MHz, CD;CN): 6 = 3.88 (s, 6H), 4.31 (s, 4H), 7.55-7.59 (m,
4H); 8.04-8.08 (m, 4H); 13C NMR (100 MHz, CD;CN): 6 = 52.2, 53.1, 130.9, 131.5, 132.6,
136.1, 167.2; MS (FAB): m/z = 314 [M-PF¢]"; CigHy0F¢NO4P (459.3): caled C 47.07, H
4.39, N 3.05; found C 47.12, H 4.28, N 2.84.

Crystal data for [TB24C8:7|PF4: Crystals of [TB24C8-7]PF¢ were grown by slow
evaporation of a CHCl;/MeCN/n-CgH14 solution (7:3:3) containing an equimolar mixture of
TB24C8 and 7-PFq. [C46HsgNOg]PF4-0.5MeCN-0.125CH,Cl,, M = 919.0, triclinic, space
group Pl (no. 2), a = 14.182(1), b = 23.357(2), ¢ = 28.107(2) A, a = 91.51(1), B =
90.51(1), y = 104.37(1)°, ¥V = 9015(1) A3, Z = 8 (there are four crystallographically
independent 1:1 complexes in the asymmetric unit), p. = 1.354 g cm=3, u(Cug,) = 13.7 cm1,
F(000) = 3842, T = 183 K; clear platy prisms, 0.43 x 0.20 x 0.07 mm, Siemens P4 rotating
anode diffractometer, graphite-monochromated Cug,, radiation, w-scans, 24143 independent
reflections. The structure was solved by direct methods and all the full occupancy non-
hydrogen atoms were refined anisotropically. Disorder was found in the thread component of
one of the four crystallographically independent [2]pseudorotaxanes and in one of the
included acetonitrile solvent molecules; in each case two partial occupancy orientations were
identified with only the non-hydrogen atoms of the major occupancy orientations being
refined anisotropically (the rest being refined isotropically). Refinements were by blocked
full matrix least-squares based on F2 to give R; = 0.089, wR, = 0.216 for 12765 independent
observed reflections [|F,| > 40(|F,|), 20 < 115°] and 2264 parameters. CCDC 132801.48

Crystal data for TB24C8-2MeCN: Crystals of TB24C8-2MeCN were grown by vapor
diffusion of Et,O into MeCN solution of TB24C8. C;,H3,052MeCN, M = 626.7,
monoclinic, P2/c (no. 14), a = 16.018(1), b= 10.200(2), ¢ = 21.394(2) A, B =108.24(1)°,
V=13319.7(7) A3, Z=4, p. = 1.254 g cm3, u(Cug,) = 7.28 cm!, F(000) = 1328, T = 173 K;
clear plates, 0.93 x 0.47 x 0.10 mm, Siemens P4 rotating anode diffractometer, w-scans,

5198 independent reflections. The structure was solved by direct methods and the non-
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hydrogen atoms were refined anisotropically using full matrix least-squares based on F? to
give Ry = 0.063, wR, = 0.150 for 3570 independent observed reflections [|F,| > 40(|F,|), 26 <
124°] and 416 parameters. CCDC 132743.48

Crystal data for TB24C8: Crystals of TB24C8 were grown by vapor diffusion of Et,O into
CHCIj; solution of TB24C8. C3,H3,05, M = 544.6, monoclinic, P2;/c (no. 14), a = 9.585(2),
b =18.931(2), c = 7.297(1) A, B=94.29(1)°, V= 1320.3(3) A3, Z = 2 (the molecule has
crystallographic Cj symmetry), p. = 1.370 g cm=3, u(Cug,) = 8.07 cm™!, F(000) = 576, T =
293 K; clear plates, 0.50 x 0.47 x 0.13 mm, Siemens P4/PC diffractometer, w-scans, 2077
independent reflections. The structure was solved by direct methods and the non-hydrogen
atoms were refined anisotropically using full matrix least-squares based on F? to give R; =
0.049, wR, = 0.134 for 1713 independent observed reflections [|F,| > 40(|F,|), 260 < 124°]
and 182 parameters. CCDC 132744 .48

Crystal data for [5-7]PF¢: [C3sHasNOg][PFs], M = 791.7, triclinic, space group Pl (no. 2), a
11.265(1), b = 12.853(3), ¢ = 14.495(2) A, a = 104.12(2), B = 102.72(1), y = 96.53(2)°, V
1954.1(6) A3, Z=2, p. = 1.346 g cm3, u(Mog,) = 1.50 cm!, F(000) = 832, T =293 K;

clear prisms, 0.57 x 0.33 x 0.13 mm, Siemens P4/PC diffractometer, graphite-
monochromated Moy, radiation, w-scans, 5696 independent reflections. The structure was
solved by direct methods. Disorder was found in one of the polyether arms and this was
resolved into two partial occupancy orientations with the non-hydrogen atoms of the major
occupancy orientation being refined anisotropically (those of the minor occupancy
orientation were refined isotropically). The remaining non-hydrogen atoms were refined
anisotropically. The N-H hydrogen atoms were located from a AF map and allowed to refine
isotropically subject to an N—H distance constraint. The C—H hydrogen atoms were placed in
calculated positions, assigned isotropic thermal parameters, U(H) = 1.2U,4(C), and allowed to
ride on their parent atoms. Refinements were by full matrix least-squares based on F2 to give
Ry =0.083, wR, = 0.201 for 2613 independent observed reflections [|F,| > 40(|F,|), 20 < 47°]
and 480 parameters. All computations were carried out using the SHELXTL PC program
system.47 CCDC 138347.48
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Crown ether 6 was prepared in the Bartsch group as follows: cyclization of 1,3-(o-
hydroxyphenoxy)propane with pentaethyleneglycol dimesylate and Cs,COs3 in refluxing MeCN
afforded 6 in a 53 % yield.

TB24C8 (4) is poorly soluble in MeCN, but is sufficiently soluble in Me,CO to permit such an
analysis.

Previously (see ref. 9d), mass spectrometric analysis of an equimolar mixture of DB24C8 and bis(4-
tert-butylbenzyl)ammonium hexafluorophosphate revealed the base peak in the spectrum to be that
corresponding to the uncomplexed ammonium compound (m/z = 310). However, a signal arising
from the 1:1 complex formed between these two components was observed at m/z = 758, with a
relative intensity of 6 %. The significance of this result lies in the fact that the bis(4-tert-
butylbenzyl)ammonium cation is too large to thread through the cavity of DB24C8. This restriction
means that any association of these two components must occur with a face-fo-face geometry. Even
the weakest signal arising from a complex in the whole of this study, namely the peak arising from
the 1:1 complex [5-7-H]* (m/z = 646) has an intensity corresponding to 50 % of that observed for
7% (the base peak), implying that there is an interaction more enduring than a simple face-to-face
association, i.e., the threading of the cation through the macroring of DB24CS8, resulting in the
formation of a [2]pseudorotaxane in the gas phase.

In a slowly equilibrating complexation/decomplexation scenario, K, values are determined as
follows: integration of the peaks in the 'H NMR spectrum associated with (1) free host, (2) free
guest, and (3) 1:1 complex are measured, and by knowing accurately the concentrations of host and
guest species that were dissolved initially, equilibrium concentrations can be determined. The K,
value is then given simply by dividing the equilibrium concentration of the 1:1 complex by the
product of the equilibrium concentrations of the free host and guest species. To minimize errors in
this study, numerous probe protons—associated with each of the three species present in
solution—were used to calculate K, values in any one spectrum. These K, values were simply
averaged for each spectrum. Furthermore, at least three independent 'H NMR spectroscopic analyses
were performed for each host:guest system, and the subsequent K, values were—once
again—averaged. For leading references on this method, see Adrian, J. C.; Wilcox, C. S. J. 4Am.
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complexed dibenzylammonium ions is usually a good indication (ref. 8) that complexation is indeed
occurring. Additionally, these spectroscopic features are also noted for molecules (rotaxanes) in
which the crown ether is trapped permanently around the NH,t center. For many examples, see
ref. 9.

Values of K, for the 1:1 complex formed between DB24C8 (3) and 7-PF¢ have been determined
previously (see ref. 8b) in both CD3CN and CD3COCDj3. The values obtained did not differ
significantly and, therefore, approximate comparisons can be made between these solvents.

Accordingly, the apparent lack of dibenzylammonium ion binding observed for TB24C8 is unlikely
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to arise as a consequence of using CD;COCD; instead of CD;CN; rather it can most likely be
attributed to an inherent property of the crown ether.
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