Crown ethers as pre-organised exo-receptors in the divergent
recognition of a,-diiodoperfluoroalkanest
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Both the nitrogen atoms of Kryptofix® 2.2. 1 act as electron-donors to the iodine atoms of o,w-
diiodoperfluoroalkanes 2a,b giving rise to infinite 1D chains 3a,b as white crystalline solids which are stable in air
at room temperature. The structural features of these non-covalent co-polymers have been studied using various
techniques (IR, 'H NMR, °F NMR, X-ray diffraction) and it has been established that when Kryptofix® 2.2. is
halogen bonded to iodides 2, it adopts the same conformation as when in the pure form, namely the exo—exo
topology. The co-existence of halogen-bonding and hydrogen-bonding in supramolecular architectures 3 suggests
pre-organisation of the interacting partners as a new strategy in the rational design of divergent self-assembly

processes.

Crown ethers and cryptands are widely employed in research
and industry owing to their ability to form remarkably stable
inclusion complexes with various metal cations.! In these
complexes the macrocycle invariably adopts a conformation
in which the electron lone pairs of the donor sites are
inwardly oriented thus tailoring the molecules to act as endo-
receptors.?

Both the nitrogen lone pairs of 1,4,10,13-tetraoxa-7,16-di-
azacyclooctadecane 1 (Kryptofix® 2.2., K.2.2)) are outwardly
oriented? in the preferred conformation of the pure compound
(exo—exo conformation), and here we exploit this orientation
showing how K.2.2 1 acts as a particularly effective exo-
receptor when interacting with o,0-diiodoperfluoroalkanes
2a,b. An attractive intermolecular recognition occurs between
1, as an electron-donor module, and 2a,b, as electron acceptor
modules, both in solution and in the solid state. A single
crystal X-ray analysis of co-crystal 3b, revealed the structural
details of the one-dimensional infinite chains formed (Scheme
1).

We have already reported in preliminary communications,*
how the nitrogen atoms of tertiary amines and pyridine moi-
eties effectively act as electron donors to the iodine atoms of
iodoperfluoroalkanes. This non-covalent interaction has been
denoted halogen bonding® which can be regarded as akin to
hydrogen bonding.%

In solution, the nitrogen atoms of K.2.2. 1 behave in a
similar way as in the solid state as revealed by the chemical
shift differences between the !°F and 'H NMR spectra of co-
crystals 3a,b, and those of pure precursors 1 and 2ab. In *°F
NMR spectra of concentrated chloroform solutions of co-
crystals 3a,b, the difluoromethylene group geminal to iodine is
shifted upfield compared to pure modules 2a,b, thus indicating
the formation of N---I halogen bonds.” On diluting these
samples, the chemical shift of the CF,I group moves back to
the frequencies shown by pure iodides 2 and 'H and '°F

1 Perfluorocarbon-hydrocarbon self-assembly Part XI; for Part X see
ref. 6.
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NMR spectra of highly diluted solutions of co-crystals 3a,b
cannot be distinguished from those of pure precursors 1 and
2ab. On evaporating the solvent, crystalline 3ab are re-
formed. These observations indicate that, on dissolution, non-
covalent copolymers 3a,b give rise to the starting free modules
1 and 2 which form dimeric, trimeric, etc., adducts through
association equilibria which are rapid on the NMR time scale.
Also the internal difluoromethylene groups of co-crystals 3a,b
are shifted upfield compared to pure 2a,b. Shifts decrease with
increasing distance from the iodine atoms, consistent with the
specificity of the N---I halogen bonding and its role in deter-
mining the observed changes in NMR properties.

It is particularly interesting to observe that solutions of
infinite networks 3a,b show distinctly larger shifts in °F
NMR spectra than equimolar solutions of analogous infinite
networks 5a,b formed by K.2.2.2. 4 (4,7,13,16,21,24-hexaoxa-1,
10-diazabicyclo[8.8.8 Jhexacosane, Kryptofix® 2.2.2.) with a,0-
diiodoperfluoroalkanes 2a,b (Scheme 2).

Indeed, K.2.2. 1, preferentially adopting an exo—exo confor-
mation, is preorganized® for exo-recognition processes and is
thus more effective than K.2.2.2. 4 in binding diiodoperfluoro-
alkanes 2a,b via divergent assembling processes. Conversely,
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Scheme 1 Synthesis of infinite 1D chains 3a,b formed by K.2.2. 1 and
a,m-diiodoperfluoroalkanes 2a,b.
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Scheme 2 Infinite 1D chains 5a,b formed by K.2.2.2. 4 and o,0-di-
iodoperfluoroalkanes 2a,b.

K.2.2.2, generally adopts an endo—endo conformation where
both nitrogen lone pairs are inwardly oriented. It is therefore
ideally pre-organised for endo-recognition processes and in
fact it shows a greater ability than K.2.2. to form dimeric
inclusion adducts when involved in spherical recognition of
metal cations.® The N- - -I halogen bonding is however strong
enough!® to change the K.2.2.2. conformation into the less
favoured exo—exo conformation required for its involvement
in divergent self-assembly processes.!! However, the energetic
cost of this conformational induced fit disfavours dimer and
trimer adduct formation in solution and results in the smaller
19F NMR shifts discussed above. In order to confirm this
behaviour in solution and to measure the different ability of
K.2.2. 1 and K.2.2.2. 4 to behave as electron donors in the
exo-intermolecular recognition of o,m-diiodoperfluoroalkanes
2, a competition experiment was devised. Equimolar amounts
of crown 1 and cryptand 4 were dissolved in carbon tetra-
chloride in a vial of clear borosilicate glass. The obtained
system was added to a clear carbon tetrachloride solution
containing an equimolar amount of 1,6-diiodoperfluorohex-
ane 2a and the open vial was placed in a sealed cylindrical
wide-mouth bottle containing vaseline oil. The solvent was
allowed to diffuse and after one day at room temperature,
colourless crystals were deposited from the solution. Micro-
analyses, IR and NMR spectra (*H and '°F) revealed that the
crystals were pure adduct 3a, while the cryptand 4 remained
in solution. To establish the generality of these results, the
same experiment was performed starting from 1,8-diiodoper-
fluorooctane 2b, with pure co-crystal 3b being exclusively
obtained (Scheme 3).

K.2.2. 1 is thus proven to be more effective than K.2.2.2. 4
in driving the divergent self-assembly of a,w-diiodoperfluoro-
alkanes 2.

The thermal characterisation by DSC of infinite networks 3
and 5 gives qualitative indications of their crystal cohesion
which are consistent with the electron-donor ability of
modules 1 and 4. Melting endotherms of pure components 1,
2a,b and 4 are absent in the heating curves of co-crystals 3a,b
and 5a,b which show a single endotherm, indicating the for-
mation of a new crystal species containing the two com-
ponents.!? Interestingly, the adducts 3a,b obtained starting
from K.2.2., which is better tailored to divergent recognition
processes, melt at temperatures higher than 5ab obtained
from K.2.2.2.

/\O (Oﬁﬁ’l&,

\LoLP

%

Scheme 3 Selective recognition in solution of a,w-diiodoperfluoro-
alkanes 2a,b by K.2.2. 1 in the presence of K.2.2.2. 4.
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Also some spectral properties of donor module 1 are
affected by the N---I halogen bonding interactions with o,c-
diiodoperfluoroalkanes 2, both in solution and in the solid
state. For instance, in the 'H NMR spectra of infinite chains
3a,b the N-H signals undergo line-narrowing and downfield
shifts compared to pure 1. This is consistent with stronger
intramolecular hydrogen bonds in 3a,b to the ether oxygens
than in pure precursor 1, as expected from the diminished
electron density on the amine hydrogen atoms caused by elec-
tron donation from nitrogen to iodine.

In the solid state, the halogen-bonding between hydrocar-
bon and perfluorocarbon modules markedly affects the vibra-
tional spectra of pure compounds 1 and 2a,b. Similar to what
is observed on formation of other donor—acceptor
adducts,'?'13 the C-H and C-F stretching modes in the 2700~
3000 and 1100-1250 cm~! region, respectively, occur at
higher and lower wavenumbers in networks 3 than in pure
precursors 1 and 2. Once again, consistent with stronger
hydrogen bonding, the N-H stretching moves to lower wave-
number and shows greater intensity in co-crystals 3.

The single crystal X-ray analysis of infinite network 3b
reveals the structure of its supramolecular architecture (Fig. 1).

The crown ether and the perfluorooctane modules 1 and 2b,
respectively, segregate into layers parallel to (100) and are held
together exclusively by N---I halogen bonding. This segrega-
tion is a consequence of the low affinity typically existing
between perfluorocarbon and hydrocarbon derivatives.'#
Indeed, K.2.2. is sparingly soluble in n-perfluorohexane and
-octane, but becomes soluble when 1- 10doperﬁuorohexane
and -octane are added. The N---I bond distance is 2.861(4) A,
this value being similar to those observed in analogous infinite
chains formed by diiodoperfluorocarbons and dinitrogen sub-
stituted hydrocarbons* and shorter than the sum of the van

Fig. 1 ORTEP-III projection of co-crystal 3b along the b axis. Selec-
ted bond lengths (A) and angles (°): C-I 2.185(5); N---I 2.861(4), C-
I---N 173.85(17). Dotted lines indicate 1,5-intramolecular bifurcated
hydrogen bonds and dashed lines intermolecular halogen bonds. Only
the more populated position of the O2 atom is shown.



der Waals radii of N (1.55 A) and I (1. 98 A),** but longer than
the average N-I covalent bond (2.07 A) 16 Similar to other
analogous infinite networks,* the intermolecular interaction in
3b leads to a lengthening of the C-I bond [C-I---N angle
173.85(17)°].

In co-crystal 3b, the perfluorooctyl chain of the diiodide
module 2b deviates from the exact trans-planar conformation
[the torsion angles along the chain I-C7-C8-C9-C10-
C10(1 —x, —y, 1—1z) are in the sequence: —173.4(3),
—168.4(4), —163.3(2)°], probably to minimise the intramole-
cular fluorine repulsion between 1,3-positioned difluoromethy-
lene groups. While recent exceptions have been reported,'’
similar behaviour has been frequently observed in long!® and
short!® perfluoroalkyl chains. In co-crystal 3b, the crown
modules 1 adopt an exo—exo conformation closely corre-
sponding with that found in the homocrystal of 1.3 This con-
formation is quite probably favoured by the weak but
significant bifurcated 1,5-intramolecular hydrogen bond?2°
involving the amine hydrogen and the two nearby oxygen
atoms of the polyoxomethylene chains [N---O1 2.864(5) A,
N---02 2.868(6) A] (Fig. 1). Being intramolecular, however,
this interaction suffers severe conformational restraints, which
are probably responsible for its deviation from linearity (mean
value of O---H-N ca. 103(5)°] (Fig. 1). The lone pairs of the
tetrahedral nitrogens are thus outwardly oriented, ideally pre-
organised for divergent supramolecular chemistry. This con-
trasts with the behaviour of K2.2.2. 4 which shows in its
homocrystal a clear preference for the endo—endo conforma-
tion targeted to the convergent recognition approach. In co-
crystal 3b the K.2.2. modules form nanotubes which develop
along the b cell axis. The crown ether least square planes are
3.897(3) A from each other and form an angle of 44.4(4)° with
the nanotube axis.

In conclusion, the results described here show that K.2.2. 1
is more effective than K.2.2.2. 4 in recognising diiodoperfluoro-
alkanes 2. While the pursuit of module pre-organization®°
targeted to effective endo recognition processes has led from
acyclic to macrocyclic and macropolycyclic ligands, the
pursuit of module pre-organisation towards effective exo
recognition processes is at an early stage, with more efficient
structures and principles for their rational design still to be
identified. Here, it is shown how pre-organisation of the elec-
tron donor module 1 in an exo—exo conformation through
intramolecular hydrogen bonding results in particularly
effective exo-recognition processes with acceptors 2 through
intermolecular halogen-bonding formation. The general effec-
tiveness of this strategy in divergent supramolecular chemistry
is under active investigation.

Experimental

All materials were obtained from commercial suppliers and
were used without further purification. °F NMR spectra were
recorded with a Bruker AV 500 spectrometer. 'H NMR
spectra were recorded with a Bruker ARX 400 spectrometer.
The IR spectra were recorded with a Perkin-Elmer 2000
FT-IR spectrophotometer. DSC analyses were obtained on a
DSC 820 Mettler heat flux calorimeter (silver furnace, ceramic
sensor with 14 Au—-AuPd thermocouples).

General procedure for the synthesis of infinite chains 3

Co-crystals 3a,b were obtained by dissolving at room tem-
perature in a vial of clear borosilicate glass, equimolar
amounts of Kryptofix® 2.2. 1 and a,w-diiodoperfluoroalkanes
2a,b using carbon tetrachloride as solvent. The open vial was
placed within a sealed cylindrical wide-mouth bottle contain-
ing vaseline oil, and volatiles were allowed to diffuse at room
temperature. After 1 day, white crystals were isolated, filtered
off, and washed with cold carbon tetrachloride.

Co-crystal 3a. Anal. Found (calc. for C,gH,,N,O,1,F,,):
C, 2622 (2648); H, 3.37 (3.21); N, 3.51 (3.43); I, 30.86
(31.09)%; mp (carbon tetrachloride) 112-118°C (decomp.).
FTIR (KBr pellets, cm™1) 3312, 2903, 2875, 1192, 1162,
1150, 1110, 986, 591. °F NMR (CDCl;, 305 K): Adp =
Opure 20 — 032 (0.05 M), AH(ICF,CF,CF,-) = 0.71, AJ(ICF,-
CF,CF,-) =0.07, AJ(ICF,CF,CF,-)=0.02; Adx=9
— 03, (0.07 M), A4ICF,CF,CF,-)= 105,
CF,CF,-)=0.11, A4(ICF,CF,CF,-) = 0.06.
(CDCly, 305 K): 6 2.05 (br s, NH, 2 H).

pure 2a
AS(ICF,-
'H NMR

Co-crystal 3b. Anal. Found (calc. for C,,H,¢N,O,I,F¢):
C, 25.89 (26.22); H, 3.08 (2.86); N, 3.21 (3.06); I, 28.00
(27.70)%; mp (carbon tetrachloride) 103—-110 °C (decomp.). FT
IR (KBr pellets, cm ') 3313, 2909, 2877, 1199, 1105, 628, 547.
'F NMR (CDCl;, 305 K): Adg = 8y 2 — 936 (0.05 M):
AS(ICF,CF,CF,CF,-) = 0.74, AS(ICF,CF,CF,CF,-) = 0.10,
AJ(ICF,CF,CF,CF,-) = 0.04, AJ(ICF,CF,CF,CF,-) =
0.03; Adp = 0urc 26 — O3p (0.06 M): AS(ICF,CF,CF,CF,-) =
1.05, A4(ICF,CF,CF,CF,-)=0.13, Aé(ICF,CF,CF,CF,-)=
0.08, AS(ICF,CF,CF,CF,-) = 0.06. 'H NMR (CDCl,, 305
K): 6 2.10 (br s, NH, 2 H).

Crystal data for C,,H,;N,0, - CsF,¢I, 3b

M = 916.23, monoclinic, space group I2/a, a = 31.1690(13),
b = 5.4620(2), c = 19.6270(8) A, B = 102.81°, U = 3258.2(2) A3,
Mo-Kua radiation: (4 = 0.71073 A, Z=4T=21K, w(Mo-
Ko) = 2.050 mm~1. 14323 absorption corrected reflections
(multiscan, T, = 1.000, T, = 0.589), 3687 unique (R, =
0.0253). Structure solution by SIR922! and refinement on F?
by SHELX9722? program packages. Anisotropic displacement
parameters (ADPs) for all heavy atoms; only one H atom
bonded to N was refined, all others being placed in calculated
positions. The oxygen atom O2 was disordered and split over
two positions refined with occupancies of ca. 3/4 and 1/4.
Similarity restraints on distances and on ADPs were
imposed for the C3C402C5C6 and C3C402'C5C6 chains.
At final convergence R, = 0.0572, wR, = 0.1242, S = 1.060
for 210 parameters, 46 restraints and all reflections using the
following weighting scheme: w = 1/[¢*(F?) + (0.0664P)>
+ 2.7203P], P = (F? + 2F?)/3. Difference electronic density
ranges between —0.43 and 1.46 ¢ A-3 , the maximum residue
being located at 0.92 A from I atoms.

CCDC reference number 440/194. See http://www.rsc.org/
suppdata/nj/b0/b002247k for crystallographic files in .cif
format.
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