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halogen bond-driven self-assembly of tetra-n-butylammonium
perchlorate, periodate, and perrhenate with 1,4-diiodotetra-
fluorobenzene is reported. The mononegative oxyanions sit at
network nodes and work as tridentate halogen bond (XB)
acceptors, the diiodobenzene derivative spaces the nodes and
function as a bidentate XB donor, while the ammonium cations <t _
occupy the space encircled by the supramolecular (6,3) frames. W .
Mixed crystals wherein two different oxyanions statistically it W
occupy the network nodes have also been obtained and show - i o~

geometrical parameters intermediate to the corresponding pure

crystals containing only one of the two oxyanions. Mononegative tetrahedral oxyanions are thus demonstrated to behave as general
and effective tectons in anion coordination and anion-templated assembly driven by halogen bonding.

ABSTRACT: The deliberate construction of (6,3) networks via *
e

S LR

B INTRODUCTION Scheme 1. Schematic Representation of the Self-Assembly of
o ) . . Tetra-n-butylammonium Salts 1a—d with 1,4-Diiodotetra-
The selective binding, extraction, and separation of anions are fluorobenzene (2) To Give (6,3) Networks 3a—d

frequently invoked as potential solutions to a number of funda-
mental and applicative problems. As far as inorganic oxyanions is I
concerned, their complexation is actually a major challenge in Y
supramolecular chemistry and impacts in environmental, indus-
trial, and health-related areas."

Similar to what happens for cations, the number of coordi- = !
nated ligands which surround anions and form their coordination 1a I 2 1
sphere is usually greater that the anion charge, both in the solid b  Clor
state and in solution. Coordination to the cation, electrostatic 1c 10 4
interactions, hydrogen bonding, “anion-77” interactions, and 1d Rea_
combinations of these interactions commonly participate in the -
construction of the anion coordination sphere.” Halogen bond !
(XB), any noncovalent interaction involving halogens as the -~ Y’A\ -
electrophilic species,” has recently emerged as a new item in the Y Y
toolbox for anion coordination and anion-templated assembly.* A K
Halides have been by far the anions most studied in XB-based 1a-d
self-assembly processes; in the solid state the formation of a !
variety of zero-, one-, two-, and three-dimensional (0D, 1D, 2D, 3a-d
and 3D) networks has been reported, and recognition phenom-
ena in solution have also been studied.® Attention has also been
paid to the XB-driven binding of some rather uncommon anions

-

1a-d n-Bus X

(e.g, polycyano- and polyhalometallates),” but surprisingly poor Received:  July S, 2011
attention, if any, has been given to XB-based coordination of Revised:  July 19, 2011
oxygen-centered anions. Oxyanions are the most frequently Published: July 25, 2011
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Scheme 2. Self-Assembly of Tetra-n-butylammonium Salts
1b—d with 1,4-Diiodotetrafluorobenzene (2) Affords the

Honeycomb Anionic Networks 3b—h
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Adduct Starting Ratios Ratios
tectons in solution in adducts 3
3b 1b:2 1:1.5 115
3c 1c:2c 1:1.5 115
3d 1d:2d 1:1.5 1:1.5
e 1b:1c:2 0.5:0.51.5 0.54:0.46:1.5
3f 1a:1b:2 0.6:04:1.5 0.64:0.36:11.5
3g 1aic2 0.5:051.5 0.51:0.49:1.5
3h  1a1c:2 0.7:0.3:1.5 0.72:0.28:1.5

occurring anions in organic chemistry,® and we thus decided to
study their potential in directing the self-assembly of anion
coordination networks under XB control. A search in the Cam-
bridge Structure Database shows that the perchlorate anion
affords the most numerous group of serendipitously formed
adducts with halocarbons.” In these adducts, perchlorate anions
form one, two, or four XBs as a function of the available partners.
We started our study of the potential of oxyanions as XB
acceptors, by investigating the behavior of perchlorate and of
two other mononegative tetrahedral oxyanions (namely, the
periodate and perrhenate anions).

In the ion pairs given by the CIO,, 104, and ReO,  anions,
if one oxygen atom is preferentially bound to the cation, when the
three remaining oxygen atoms work as coordinating sites, it may
impart to the system a trigonal binding geometry. The use of
nodes with a trigonal geometry favors the formation of (6,3)
networks.'”'! In fact, if the interaction driving the self-assembly
is directional, the 3-fold symmetry of the nodes (molecular
symmetry) is straightforwardly translated into the (6,3) network
of the crystal packing (supramolecular symmetry). We thus
pursued the ion pairs of Cl1O, , 10, , and ReO,  as tridentate
nodes of (6,3) networks.

It is known that there are difficulties in increasing the number
of XBs formed by a single XB donor molecule'* wherein the XB
donor sites are conjugated. This difficulty comes from the fact

Table 1. Crystallographic and Structural Data for Adducts 3b—d

formula

fw

crystal system
space group

a[A]

b [A]

c[A]

B [deg]

V [A%]

T (K)

V4

F(000)

Peatca [Mg m™]
u [mm™]

Tinins Trmax

crystal size [mm?]
Ocampencs [°
no. refln collected
Rave

no. unique

no. with I > 20(I)
refined parameters
restraints

Ry [I>20(D)]
wR, [I>20(I)]
R, [all data]

wR, [all data]
Ap[e A7
CCDC number

3b

(C16H36N)"ClO, ™ - 1.5(C6F4L,)
944.70
monoclinic
P2,/c
10.0206(8)
13.3414(12)
25.180(2)
99.551(7)
3319.6(5)

123

4

1820

1.890

2.969

0.6144, 0.7460
0.18 x 0.30 x 0.40
30.00

44484

0.0242

9679

8783

494

906

0.0212

0.0477

0.0253

0.0497

—0.72 < 1.07
830750

3c

(C16H3eN) 104~ - 1.5(CoFuly)
1036.1S

3d

(C16H36N)+Reo47 . 1~5(C6F4IZ)
1095.45

monoclinic monoclinic
P2,/c P2,/c
9.9803(9) 10.0350(10)
14.0182(12) 13.6797(14)
24.690(2) 26.195(3)
97.405(7) 100.285(10)
3425.5(5) 3538.2(6)
123 room temp
4 4

1964 2052

2.009 2.056

3.700 6.111

0.6071, 0.7458
0.10 X 0.20 X 0.34

0.4812, 0.7454
0.0S x 0.12 x 0.36

30.00 25.00
70325 30854
0.0265 0.0317
13779 6224
10692 4563
S0S 383
906 135
0.0240 0.0389
0.0462 0.0927
0.0418 0.0604
0.0515 0.1063
—0.85 < 1.08 —1.33 <= 1.37
830751 830752
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Figure 1. Ball and stick representation of one supramolecular anionic layer of 3b (top) and 3d (bottom) approximately along the a axis. Cations have
been omitted for simplicity. XBs have been indicated as dotted lines. Color code: gray, carbon; light green, fluorine; violet, iodine; red, oxygen; green,

chlorine; pink, rhenium.

that newly formed XBs weaken when electron-donor moieties
are already bound to the XB donor."*> Moreover, the higher the
number of XBs formed by a given tecton is,"* the higher the
dimensionality of the resulting network is, namely, the more
demanding the space filling requirements are in the overall crystal
packing. We were expecting to encounter similar difficulties and
demanding requirements as we were pursuing the expression of
the polydentate potential of conjugated XB acceptors. Specifi-
cally, when an oxygen atom of a polyoxyanion is binding a
halocarbon, the propensity of other oxygen atoms to form XBs is
expected to decrease as a consequence of the decreased overall
electron density on the anion (due to possible polarization
phenomena associated with XB formation).

When involved in XB, I" can function as a mono-, bi-, tri-, and
even tetradentate electron-donor," but on crystallization of its
tetra-n-butylammonium salt 1a with 1,4-diiodotetrafluorobenzene
(2, XB donor partner), the tricoordinating ability of thls anion is
selectively elicited and the (6,3) network 3a is formed"'® wherein
iodide anions are the nodes and diiodotetrafluorobenzene rings
bridge the nodes (Scheme 1). We reasoned that the crystallization
of tetra-n-butylammonium perchlorate, periodate, and perrhenate
with the same XB donor could result is a similar self-assembly
process and elicit the potential of these mononegative tetrahedral
oxyanions to function as tridentate XB acceptors by overcoming
both the electronic and the steric problems described above.

In this paper we describe how crystallization of n-Bu,NCIO,
(1b), n-BugNIO, (1c), and n-BuyNReO, (1d) in the presence of
1,4-diiodotetrafluorobenzene (2) affords the undulated (6,3)
networks 3b, 3¢, and 3d (Scheme 2) wherein anions function
as tridentate XB acceptors, the diiodotetrafluorobenzene rings
function as bidentate XB donors, and the ammonium cations
occupy the space encircled by the (6,3) frames.

B EXPERIMENTAL SECTION

Materials and Methods. All reagents were purchased from
commercial suppliers (Apollo and Sigma Aldrich) and used without
further purification. IR spectra were obtained using a Nicolet Nexus
FTIR spectrometer equipment with a U-ATR device. The values were
given in wave numbers and were rounded to 1 cm™ ' upon automatic
assignment. Melting points were determined with differential scanning
calorimetry (DSC) analyses using a Mettler Toledo DSC 823e.

Synthesis Of (n'C4H9)4N+CIO47' 1.5(C5F4|2) (3b). Colorless
crystals of 3b were obtained by slow evaporation, at room temperature,
of a methanol solution of tetra-n-butylammonium perchlorate (1b, 1.00
mmol) and 1,4-diiodo-2,3,5,6-tetrafluoro-benzene (2, 1.50 mmol).
Filtration of the formed crystalline solid gave 3b in 84% yield; 'H and
"F NMR of mother liquor showed starting compounds 1b and 2 had
remained unchanged in solution. Mp 113—11S °C. IR, V., (selected
peaks): 2969, 1739, 1462, 1430, 1355, 1215, 1082, 942, 758 cm ™.

Synthesis of (n-C4Ho)4NT10, - 1.5(CF4ly) (3¢). The proce-
dure described above for 3b was used, but chloroform, instead of
methanol, was employed as a solvent. Filtration of the formed crystalline
solid gave 3c in 88% yield; "H and "’F NMR of mother liquor showed
starting compounds 1c and 2 had remained unchanged in solution. Mp
115—118 °C. IR, ¥y (selected peaks): 2961, 1462, 1430, 1356, 1214,
944, 839, 760, 740 cm ™!

Synthesis of (n-C4Ho)sN*ReO, - 1.5(C4F4ly) (3d). The pro-
cedure described above for 3b was used. Filtration of the formed
crystalline solid gave 3d in 85% yield; "H and "’F NMR of mother
liquor showed starting compounds 1d and 2 had remained unchanged in
solution. Mp 127—130 °C. IR, ¥,,,,, (selected peaks): 2960, 2873, 1462,
1442, 945, 898, 761, 739 cm |

Synthesis of Mixed Crystals (n-C4Ho)4N*ClO, /10,7/
ReO,; -1.5(C¢F4ly) (3e—h). The procedure described above for 3b

was used. Filtration of the formed crystalline solids gave 3e—h in
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Figure 2. View perpendicular to one (6,3) ring of 3¢ (top) and side view
of the same ring (bottom) showing how two tetra-n-butylammonium
cations occupy the space encircled by the supramolecular (6,3) frames.
Color code: gray, carbon; light gray, hydrogen; light green, fluorine;
violet, iodine; red, oxygen.

75—83% yield; "H and '’F NMR of mother liquor showed starting
compounds 1b—d and 2 had remained unchanged in solution.

X-ray Structure Analyses. Single Crystal X-ray Diffraction. Data
were collected on a Bruker KAPPA APEX II diffractometer with
Mo—Ka radiation (4 = 0.71073) and CCD detector at room tempera-
ture (excluding structures 3b and 3¢ which were collected at 123 K using
Bruker KRYOFLEX device). The structures were solved by STR2002'
and refined by SHELXL-97"7 programs, respectively. The refinement
was carried out by full-matrix least-squares on F*. Hydrogen atoms were
placed using standard geometric models and with their thermal param-
eters riding on those of their parent atoms. CIF files containing
crystallographic data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

X-ray Powder Diffraction. X-ray powder diffraction experiments
were carried out on a Bruker D8 Advance diffractometer operating in
reflection mode with Ge-monochromated Cu Kol radiation (4 = 1.5406 A)
and a linear position-sensitive detector. Powder X-ray diffraction data
were recorded at ambient temperature, with a 20 range 5—40°, a step
size 0.016°, exposure time 1.5 s per step.

B RESULTS AND DISCUSSION

Slow evaporation at room temperature of methanol, or
chloroform, solutions containing ammonium salts 1b—d and
diiodobenzene derivative 2 in 1:1.5 ratio yields colorless crystals
3b—d. Single crystal X-ray analyses (Table 1) show that the
expected honeycomb networks are formed (Figure 1). The X-ray
powder diffraction (XRPD) patterns of products (see Supporting
Information) revealed the quantitative transformation of the
starting materials into the crystalline crystals 3b—d, as corrobo-
rated by the absence of characteristic peaks of starting com-
pounds 1b—d and 2. Moreover, the simulated XRPD from single
crystal X-ray analysis and the experimental XRPD patterns of
3b—d show characteristic diffraction peaks indicating that the
structures obtained from single crystal X-ray analysis are repre-
sentative of the bulk polycrystalline sample (see Supporting
Information).

The three crystals are in the P2;/c space group and are
isostructural. Interestingly, both their coordination pattern and

l..j o
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Figure 3. Ball and stick representation of one supramolecular anionic
layer of 3b (A), 3¢ (B), and 3f (C) showing the undulation of the layer.
The angle characterizing the “anticline” is reported. Cations have been
omitted for simplicity. Color code: gray, carbon; light green, fluorine;
violet, iodine; red, oxygen; green, chlorine.

their overall topology are strikingly similar to that of the iodide
analogue 3a, thus proving how effective the use of diiodotetra-
fluorobenzene and tetra-n-butyl ammonium cation is in eliciting
the tridentate XB-acceptor potential of mononegative anions
which can also be mono-, bi-, and tetradentate. The nodes of the
(6,3) nets are the mononegative tetrahedral oxyanions which
work as tridentate XB acceptors; the diiodotetrafluorobenzene
rings function as node spacers and work as bidentate XB donors.
The space encircled in the (6,3) frames is occupied by two
ammonium cations which support the (6,3) anionic networks
construction from within the cavities by multiple C—H- + -F—C
short contacts pinning the butyl chains to the fluorophenyl rings
(Figure 2). While these cations do not contribute with short
contact, namely, strong interactions, to the formation of the
anionic network, they can be considered to play a templating role
by occupying conveniently the space inside the hexagonal
framework.

‘When a supramolecular system is designed to guest nonsphe-
rical anions, it is of particular importance to address the specific
shape of the targeted anion. The relative geometry and direction
of the individual binding sites are critical in the design of
coordination systems that rely on directional interactions. The
optimization of the requirements deriving from the size and
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Table 2. Crystallographic and Structural Data for Adducts 3e—h

3e 3f 3g 3h
formula (C16H36N)*+0.54(ReO, ) - (C16H36N)*-0.64(ClO, ) - (C16H36N)*-0.51(ClO, )~ (C16H36N)*-0.72(ClO, ) -
0.46(10,7)- 1.5(C¢F,L,) 0.36(10,) - 1.5(C¢F,1,) 0.49(ReO, ) - 1.5(C4F,4L,) 0.28(ReO, )~ 1.5(C4F,4L,)
fw 1068.02 977.62 1018.19 986.91
crystal system monoclinic monoclinic monoclinic monoclinic
space group P2,/c P2,/c P2,/c P2,/c
a[A] 10.052(3) 10.115(3)) 10.146(8) 10.096(2)
b [A] 13.827(3) 13.593(3) 13.549(9) 13.473(3)
c[A] 25.985(7) 13.593(3) 26.484(19) 26.125(5)
P [deg] 99.851(9) 100.44(2) 101.84(4) 100.86(2)
V(A% 3558.5(16) 3515.8(15) 3563(4) 3490.0(12)
T (K) room temp room temp room temp room temp
z 4 4 4 4
F(000) 2011 1872 1933 1885
Peated [Mg m 2] 1.994 1.847 1.898 1.878
w [mm™"] 4914 3.092 4376 3.768
Tniny Trnax 0.5823, 0.7452 0.5767, 0.7452 0.6382, 0.7452 0.6162, 0.7454
cr size [mm?] 0.02 x 0.11 x 0.42 0.04 x 0.10 x 0.40 0.02 x 0.11 x 0.46 0.02 x 0.12 x 0.30
Ocompletencss [°] 25.00 25.00 25.00 25.00
no. refln collected 33488 30542 25518 184115
Rave 0.0558 0.0431 0.0491 0.0799
no. unique 6230 6156 6234 6124
no. I > 20(I) 3624 3195 3265 3371
ref parameters 384 384 383 383
restraints 165 141 165 165
R, [I>20(1)] 0.0435 0.0440 0.0450 0.0439
wR, [1>20(1)] 0.0928 0.1032 0.1022 0.0974
R, [all data] 0.0928 0.1044 0.1084 0.1013
wR, [all data] 0.1179 0.1363 0.1299 0.1285
Ap [eA?] —1.14 < 1.29 —0.61 <> 0.83 —0.65 < 0.80 —0.61 <> 0.77
CCDC number 830753 830754 830755 830756

shape of anions is thus of key relevance when the halogen-
bonded coordination of oxyanions is pursued. The versatility of
the described protocol, which gives isostructural architectures
starting from mononegative tetrahedral oxyanions of different sizes,
proves the robustness of the employed supramolecular synthons.

TheI---O" distances in crystal 3b, 3¢, and 3d are within the
ranges 294.8—301.0, 286.4—293.1, and 299.4—326.4 pm, re-
spectively, and correspond to quite close, namely, strong, con-
tacts. As an approximate measure of strength of XB, we define
“normalized contact” the ratio N. = D;;/ (Fodwei + rAR]») , where D s
the distance between the atoms i and j and r,qw; and rag; are the
van der Waals radius of atom i (198 pm for iodine) and ionic
radius of anion j (176 and 216 pm for oxygen and iodine). N, is a
useful indicator of the interaction strength, more useful than the
distance Dj;, because it allows XBs in different halogen/anion
supramolecular synthons to be compared. The above-reported
I---O" separations give normalized contacts in the range
0.79—0.80, 0.76—0.78, and 0.78—0.87 for 3b, 3¢, and 3d,
respectively. The I---I" separations in iodide-based network
3a correspond to a normalized contact in the range 0.84—0.88.
Iodide anions are commonly considered good XB donors, and a
comparison of the normalized contact of 3a with those of 3b—d
indicates that also mononegative tetrahedral oxyanions function
as strong XB donors.

In covalently bonded halogen atoms, the electronic density on
the halogen is asymmetrically distributed: the belt-shaped region
orthogonal the extension of the covalent bond to the halogen
atom is characterized by a negative electrostatic potential, while
the region on the extension of the covalent bond is depleted of
electronic density, frequently to the point that a positive electro-
static potential is observed. This region, named positive o-hole,®
interacts attractively with negative sites and gives rise to XBs
which have a remarkable tendency to be linear. In 3b—d the
C—I---O" angles span the range 160.53—172.35°, the greatest
deviation from linearity being observed in 3d.

The honeycomb layers in 3b—d are highly corrugated and
form undulated layers; the angle formed by the mean square
planes of the two intersecting sides of the corrugated layers are
67.85°,74.18°, and 71.14°, respectively (Figure 3). This arrange-
ment is a likely consequence of the overall crystal packing
requirements as the iodide analogue 3a also presents the
undulated layers with an angle of 53.38°. The tetrahedral
geometry of the employed oxyanions affects this inherent bias
for corrugation.

The remarkably close structural similarities among the per-
chlorate, periodate, and perrhenate networks prompted us to try
the synthesis of mixed crystals where the nodes of the anionic
network were statistically occupied by two different oxyanions.

4224 dx.doi.org/10.1021/cg200840m |Cryst. Growth Des. 2011, 11, 4220-4226
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We thus slowly evaporated methanol solutions wherein the 1:2
ratio was 1:1.5 and the required amount of XB acceptor 1 was
obtained by mixing two different salts 1b—d in the same or
different ratio (Scheme 2). The mixed crystals 3e—h were
obtained and their single crystal X-ray analyses (Table 2) re-
vealed they all were isostructural with 3b—d. They consist of
highly corrugated (6,3) networks, and two different anions
statistically occupy the nodes with ratios nicely similar to the
corresponding ratios in crystallization solution. For instance, in
the crystal 3e the IO, /ReO, ratio was 54:46 which parallels
the corresponding 1:1 ratio in crystallization solution; the
ClO, /ReO, ratios in crystals 3g and 3h were 51:49 and
72:28 while being 1:1 and 7:3 in starting solutions, respectively.
Even though the three oxyanions have quite different sizes and
are actively involved in the formation of the crystals, they are
perfectly switchable as nodes in the (6,3) anionic network
construction. This suggests the three anions have similar ten-
dencies to be involved in XB directed self-assembly processes
or the overall crystal packing requirements overpower the
differences.

Finally, it is interesting to observe that the mixed crystals
3e—h show geometric parameters intermediate to the corre-
sponding pure crystals 3b—d. For instance, the corrugation of 3e,
3f, and 3g is characterized by an angle between the intersecting
mean square planes of the “anticline” arrangement of 72.05°,
69.09° and 68.14°, these values being in between those of
the two crystals containing the corresponding pure oxyanions
(3c and 3d, 3b and 3c, 3b and 3e in the order).

B CONCLUSIONS

In conclusion, we have reported the deliberate construction of
(6,3) networks 3b—h via XB-driven self-assembly of tetra-n-
butylammonium perchlorate, periodate, and perrhenate 1b—d
with 1,4-diiodoterafluorobenzene (2). The oxyanions sit at net-
work nodes and work as tridentate XB acceptors, the diiodo-
benzene derivative spaces the nodes and function as bidentate
XB donor, while the ammonium cations occupy the space
encircled by the supramolecular (6,3) frames. The potential of
the used anions to function as tridentate XB acceptors was
elicited by a judicious choice of the XB donor and of the cation.

The synthesis of crystals 3b—h, their close structural simila-
rities, and the obtainment of crystals wherein two different
oxyanions statistically occupy the network nodes, positively show
perchlorate, periodate, and perrhenate anions are reliable tectons
for the design and synthesis of halogen-bonded supramolecular
anions.

We have already reported how the self-assembly of onium
halides with 1,3,5-triiodotrifluorobenzene affords (6,3) networks
when onium cations of quite a different size and nature are used,
and we have also described how mixed (6,3) nets can be
synthesized wherein different cations statistically populate the
centers of the (6,3) frames.''® The formation described here of
mixed (6,3) nets wherein different anions statistically occupy the
space encircled by the (6,3) frames is even more remarkable as
anions are the nodes of the nets and drive the self-assembly by
functioning as XB acceptors. Mononegative tetrahedral oxya-
nions can be expected to develop as general and effective tectons
in anion coordination and anion-templated assembly, and this
last result proves the remarkable trustworthiness of the devel-
oped crystal engineering heuristic principles.

Il ASSOCIATED CONTENT

© Supporting Information. XRPD and IR of 3b—d, check-
CIF/PLATON report for 3b—h, representation of (6,3) nets and
their undulation, and single (6,3) rings containing tetra-n-butyl
ammonium cations. This material is available free of charge via
the Internet at http://pubs.acs.org,
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