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An investigation into the halide binding properties of two polyazamacrocycles [12]JaneN, (1) and [18]aneNg
(L2) has resulted in the determination of the molecular structure of five compounds [H4L1(Br)4]-2H,0 (1),
[H>L1(I5),] - 215 - 2CH3CN (2), [HeL2(Cl)g] - 4H>0 (3), [H4L2(Br)4] - 2H>0 (4) and [H4L2(I)2(15)o] (5).
[18]aneNg (L2) was generally found to bind two anions within the macrocyclic cavity. In the adducts formed
by [12]aneNy (1 and 2), the anions and solvent of crystallization do not sit within the [12]aneN, cavity,
instead preferring to occupy positions exterior to the macrocycle. Left- and right-handed helices are formed
by the I;~ and I, moieties in 2 that house acetonitrile solvent molecules in the centre of the spiral. In most
cases, chloride and bromide adopt trigonal pyramidal co-ordination motifs with various degrees of distortion
from a regular geometry. The ring size, conformational flexibility and level of protonation were found to

influence the halide binding characteristics of the macrocycles.

Introduction

Although the complexation of metal ions and other cationic
guests to organic ligands has been studied intensely, only
recently has significant attention been directed upon the nature
of anion binding to synthetic organic hosts (see ref. 1 and 2 for
two recent reviews). With the rapid expansion of the protein
and small molecules structural databases has come the oppor-
tunity to study in detail the various factors that contribute to
anion transport and binding in biological and abiotic systems.
Hosts containing NH and/or NH," moieties have been known
as good binding agents for halides since Park and Simmons
alluded to the key roles of electrostatic interactions and
hydrogen bonding of katapinands in 1968,> which were subse-
quently structurally confirmed.* Since then a plethora of halide
adducts, including those formed by azamacrocyclic cages,”
porphyrins,'®'?  calix[n]pyrroles,’”> '® amide based com-
pounds,'” ! adenine,?? imidazolium cyclophanes® and metal
complexes,>* 2% have been structurally characterized, with par-
ticular attention being given to size complementarity in order
to gain higher levels of selectivity and singular encapsulation of
the desired anion. As a result of this focus, the halide binding
properties of the monocyclic azamacrocycles have attracted
comparatively little attention. One factor contributing to this is
possibly their inherent lack of specificity. Constants for com-
plex formation between [18]aneNg with the halides and other
monoanions have been determined, most commonly using
potentiometric and conductomeric titrations, and show varia-
tions of only 1-2 orders of magnitude.?' A 1997 survey of the
Cambridge Crystallographic Data Collection?’ showed that
the most effective H-bond donor for halides is the [N-H]"
functionality. This moiety promotes interactions with halides
through a combination of electrostatic interactions and hydro-
gen bonding.>” Computational analyses have also been used to
study these associations?®* and a recent publication described
the structures of several halide complexes of acyclic polyam-
monium hosts®?> with a view to examining the co-ordination
behaviour of the halides in an unencumbered environment. In
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this vein, we have determined the structures of a series of halide
complexes of the azamacrocycles, 1,4,7,10-tetraazacyclodode-
cane (L1, [12]aneN,) and 1,4,7,10,13,16-hexaazacyclooctade-
cane (L2, [18]aneNg) via single crystal crystallographic studies.
The macrocycles, while having some level of pre-organization,
retain sufficient flexibility to enable them to adopt conforma-
tions and degrees of protonation that complement the binding
preferences of the halides and to facilitate crystallization
through the formation of H-bonded networks.

[ \ (\N/\I
H
(NH HNj NH HNj
NH  HN (NH HN
L1, [12]aneN,

RN

L2, [18]aneNg

Experimental section
Materials and reagents

1,4,7,10-tetraazacyclododecane (L1, [12]aneN,) was purchased
from Strem Chemicals and used without further purification.
All other reagents were obtained from commercial suppliers
and used as supplied with the exception of 1,4,7,10,13,16-
hexaazacyclooctadecane (L2, [18]aneNy), which was isolated
as reported previously.*

Microanalyses and spectroscopy

Microanalyses were performed by the Campbell Microanaly-
tical Service, University of Otago, New Zealand. Infrared
spectra were recorded using KBr pellets on a Perkin-Elmer
1600 FTIR at a resolution of 8 cm™".

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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Synthesis

[H4L1(Br)4] - 2H,O (1). L1. (125 mg, 0.72 mmol) was sus-
pended in water (3.4 ml) and hydrobromic acid (conc., 1.20 g)
was added. The solution was left to evaporate in the open
atmosphere and, after several days, large, clear rhombohedral
crystals had formed. Yield =362 mg, 95%. Microanalysis (%)
found: C 18.2; H 5.3; N 10.5. Calc’d for CgH»sN4Br O,: C
18.1; H 5.3; N 10.5. Infrared spectrum (v, cm™'): 3424 s, 3143
m, 2996 s, 2926 s, 2768 s, 2735 s, 1684 s, 2447 s, 1607 m, 1544
m, 1488 s, 1460 m, 1424 m, 1063 w, 1000 m, 963 w, 914 w, 758
m, 576 m.

[HyL1(I15);] - 21, - 2CH3CN (2). L1. (54 mg, 0.31 mmol) was
suspended in water (2.5 ml) and hydriodic acid (conc., 600 mg)
was added followed by ethanol (abs., 20 ml) and acetonitrile
(10 ml). The solution was left to evaporate in the open atmo-
sphere and produced very dark crystals of 2 after several days.
Yield =218 mg, 55%. Microanalysis (%) found: C 10.1; H 2.4;
N 5.5. Calc’d for CoHogNglp: C 9.5; H 1.9; N 5.5. Infrared
spectrum (v, cmfl): 3424 s, 3282 s, 3025 m, 2859 m, 1655 m,
1561 s, 1544 s, 1526 m, 1459 m, 1440 s, 1387 s, 1342 s, 1267 s,
1191 m, 1115 m, 1074 m, 1046 m, 1014 m, 958 w, 875 w, 812 s,
754 s, 522 m.

[HeL2(Cl)¢] - 4H,O (3). L2. (25 mg, 0.096 mmol) was dis-
solved in water (1 ml) and hydrochloric acid (conc., 1 ml) was
added. The solution was left to evaporate in the open atmo-
sphere and after several days produced clear crystals of 3.
Yield =32 mg, 60%. Microanalysis (%) found: C 26.5; H 8.1;
N 15.3. Calc’d for Ci,Hy4NgClgOy4: C 26.2; H 8.1; N 15.3.
Infrared spectrum (v, cm_]): 3379, 2998 s, 2681 s, 2440 s, 1653
m, 1607 m, 1564 w, 1544 w, 1500 m, 1481 m, 1444 s, 1409 m,
1366 w, 1325 w, 1283 w, 1103 w, 1052 m, 1008 m, 990 m, 947 m,
920 w, 873 w, 840 w, 792 m, 764 m, 556 m, 528 m.

[H4L2(Br)4] - 2H,O (4). L2. (21 mg, 0.081 mmol) was dis-
solved in water (0.125 ml) and hydrobromic acid (conc., 1 ml)
was added. The solution became cloudy and crystals deposited
shortly afterwards. A further 4 ml of water was added and the
solution heated to 70 °C to dissolve the microcrystalline mass.
The solution was left open to the atmosphere and after several

Table 1 Crystal structure and refinement data for 1-5
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days produced large clear crystals. Microanalysis showed that
the primary component was of composition [H¢L.2Brg] - 2H,O,
however, these crystals were unsuitable for X-ray diffraction
studies. 4 was a minor component of the clear crystalline mass
but due to intergrowth of the crystals separation was not
achievable. Yield (total mass) =44 mg, 89%. Microanalysis
(%) found: C 17.9; H 5.2; N 11.8. Calc’d for C|,H33N¢BrsO;
(4): C 233; H 6.2; N 13.6. Calc’d for C;,HyoBrgNgO»
([H¢L2Brg] - 2H,0): C 18.5; H 5.2; N 10.8. Infrared spectrum
(v, cm™"): 3409 5, 2965 s, 2763 5, 2504 5, 24553, 2373 5, 2342 m,
1637 w, 1603 m, 1556 w, 1530 w, 1496 m, 1473 m, 1441 s, 1364
w, 1323 w, 1282 w, 1099 m, 1047 m, 1002 m, 982 m, 937 m, 914
m, 865 m, 831 w, 783 m, 756 s, 551 w, 518 w.

[H4L2(I),(I3),] (5). L2. (16 mg, 0.06 mmol) was dissolved in
water (0.8 ml) and hydriodic acid (conc., 0.50 g) was added
followed by ethanol (95%, 3 ml) and acetonitrile (3.7 ml). A
small amount of a light yellow precipitate formed immediately.
The dark solution was left to evaporate slowly in the open
atmosphere and after several days produced very dark crystals
of 5 which were separated from the yellow component.
Yield =26 mg, 68%. Microanalysis (%) found: C 9.1; H 2.1;
N 5.4. Calc’d for C;,H34Ngljy (5 co-crystallized with one
molecule of I,): C 9.4; H 2.2; N 5.5. Infrared spectrum (v,
cmfl): 3449 m, 3276 w, 3004 s, 2847 m, 1544 w, 1510 w, 1440
m, 1411 m, 1382 m, 1314 w, 1273 w, 1225 w, 1135 m, 1067 w,
1010 w, 959 w, 932 w, 897 w, 835 m, 773 s, 736 m, 546 w.

X-ray crystallography

A summary of the crystal data and structure refinements for
1-5 is given in Table 1. Single crystal X-ray data for 1-5 were
collected on an Enraf-Nonius CAD4 diffractometer with
monochromated Mo Ka radiation (A=0.71073 A) at 123(2)
K using phi and/or omega scans. Data were corrected for
Lorentz and polarization effects. The structures were solved by
direct methods and refined using the full matrix least-squares
method of the programs SHELXS-97°* and SHELXL-97%
respectively. The program X-Seed®® was used as an interface
to the SHELX programs, and to prepare the figures. In 1, one
of the hydrogen atoms on the water molecule was unable to be
located unambiguously and was not included in the model. In

1 2 3 4 5
Formula CgHysBryN4O, Ci2HagloNs C12HysClsNgO4 C12H33BryNgO, C2H34I5Ng
FW/g mol™! 531.98 1525.40 549.23 618.12 1277.65
Crystal system Monoclinic Monoclinic Triclinic Orthorhombic Monoclinic
Space group C2/e C2/e P1 Pna2, P2)/c
alA 16.9596(4) 25.441(5) 7.2793(2) 21.5782(1) 8.1626(2)
b/A 8.8949(2) 8.0708(16) 8.0716(3) 6.2908(5) 22.7532(5)
c/A 11.6793(3) 16.777(3) 11.4099(3) 17.4204(6) 8.2545(2)
o/° 87.859(2)
pl° 94.87(3) 103.92(3) 77.590(2) 92.970(1)
y/° 88.234(1)
Volume//&3 1755.51(7) 3343.7(12) 654.10(3) 2364.7(2) 1531.01(6)
VA 4 4 1 4 2
Pealea/g CM > 2.013 3.030 1.394 1.736 2.771
# (Mo Ko)/mm™! 9.172 9.280 0.685 6.824 8.114
0 range/° 4.08-27.84 2.50-28.28 3.05-28.29 3.01-28.35 2.63-28.28
Reflections collected 10 500 15714 7920 12330 11293
Independent reflections 2071 4043 3180 4796 3738
Goodness-of-fit on F> 0.98 1.019 0.973 1.018 1.03

R19, wR2" [I > 20(I)]
R1, wR2 all data
Max. diff. peak and hole, e A3

0.0447, 0.1029
0.0724, 0.1134
+1.409, —1.496

CENF = IFZIF. P [ZwW(F,? — F2)Z wF,2)A

0.0428, 0.0927
0.0672, 0.1032
+2.086, —2.381

0.0472, 0.0873
0.0855, 0.1005
+0.454, —0.642

0.0628, 0.1499
0.0881, 0.1631
+0.838, —1.349

0.0452, 0.1092
0.0602, 0.1177
+1.652, —2.607
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Table 2 Hydrogen bonds and close contacts in 1. Esd’s are given in
parentheses

D-H---A d(D-H)/A d(H---A)/A dD---A)JA ,(DHA)/°
N(1)-H(2)- - -O()W 0.86(6)  1.92(6) 2.757(5)  167(7)
N(1)-H(1)- - -Br(1) 0.85(7)  2.38(7) 3.187(5)  157(5)
NQ)-H(4)---O(HDW#2  0.84(7)  2.57(6) 2.954(5)  109(5)
N(Q)-H(4)- - -Br(Q)#3 0.84(7)  3.00(7) 3.746(5)  150(6)
NQ)-H(4)---Br()#4  0.84(7)  2.91(8) 3.386(5)  118(6)
N(@2)-H(3)- - -Br(2) 0.92(8)  2.35(8) 3.269(5)  178(6)
O(HW-H(1)W- - -Br(1)#2 0.99(1)  2.42(3) 3.344(4)  154(5)
C(3)-H(9)- - -Br(1)#5 1.10(6)  2.62(6) 3.700(5)  166(4)
NQ)-H@)---O()W#2  0.84(7)  2.57(6) 2.954(5)  109(5)

Symmetry transformations used to generate equivalent atoms: #1 —x,
Y, —z+3/2#2 —x+ 12, y+1/2, —z+3/2; #3 x, —y+ 1,z — 1/2; #4 x,
y+ 1,z #5x, —y, z+1/2.

all the structures except 2 and 3 the sp’ carbon atoms had
hydrogens assigned in calculated positions and refined isotro-
pically with U(H)=1.2Uc(C). The sp® carbon atom on the
acetonitrile solvent molecule in 2 had hydrogens assigned in
calculated positions and refined isotropically with U(H)=1.5
Ueq(C). This was also the case for N(1) and N(4) in 3. The
hydrogen atoms on the amines (N(2) and N(5)) in 4 were
unable to be located. All other hydrogen atoms that were
located on Fourier difference maps were left unrestrained
and refined isotropically. All non-hydrogen atoms were located
on Fourier difference maps and refined anisotropically. In all
relevant figures dashed lines represent hydrogen bonds. Perti-
nent geometric parameters are given in the tables and figures,
the latter showing 50% probability ellipsoids drawn as ORTEP
representations. H-bonding distances discussed within the text
are from donor heteroatom (D) to acceptor (A).T

Results and discussion

The crystallization of the halide adducts was achieved by slow
evaporation of aqueous solutions containing one of the macro-
cycles, L1 or L2, and appropriate quantities of the halic acid.
Microanalysis of 1, 2, 3, and 5 provided confirmation that the
bulk material was of the same composition as the crystal used
in the X-ray structure determination. In the case of 4 this was a
minor product with the bulk of the material analysed to be
[HgL2Brg] - 2H,0. The IR spectra exhibited a number of
absorptions which confirmed the presence of the macrocycles.

Structure of [HyL1(Br)4 - 2H,O (1)

A list of hydrogen bonds and close contacts for 1 can be found
in Table 2. The structure contains a tetraprotonated macro-
cycle bound to four bromide anions and two water molecules
(Fig. 1). The macrocyclic ring lies perpendicular across a plane
of symmetry and has all eight ammonium protons directed
away from the cavity and participating in H-bonding interac-
tions with bromide and water.

Br(1) is located at the apex of a distorted trigonal pyramid
and has contacts with N(1), N(2) (from separate macrocycles)
and O(1)W as donors, and there is a long contact with a C—-H
group that would make the geometry pseudo-tetrahedral if it
were to be included as a donor (Fig. 2). The anion lies 0.934(3)
A from the plane of the heteroatom donors and 3.697(2) A
above the least-squares plane of the macrocycle. Br(2) forms a
flatter pyramid (0.726(2) A above the donor plane), having

1 CCDC reference numbers 227340-227344. See http://www.rsc.org/
suppdata/nj/b4/b401841a/ for crystallographic data in .cif or other
electronic format.
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Fig. 1 ORTEP plot of the hydrogen bonding environment of
[12]JaneNy in 1. C-H hydrogen atoms have been removed for clarity.
* represents symmetry-generated atoms.

Br{1)

N(2) and a symmetry-generated pair of water molecules as its
base, and lies outside the macrocyclic cavity. The conformation
of [12]aneNy has all of the ammonium protons directed away
from the cavity, reflecting the inadequacy of the macrocyclic
ring in providing an acceptable conformation capable of dock-
ing the large bromide anions. In the analogous chloro adduct
of [12]aneN, described previouslyﬂ, the anions are also located
on the outside the macrocyclic cavity, indicating that the cavity
may be too small to accommodate even chloride. The macro-
cycle in the chloro adduct was found to adopt the same
conformation as that seen in the present structure, enabling
it to participate in electrostatic and H-bonding interactions
while minimizing ring strain.’” The bromide anions and water
molecules participate in H-bonding interactions that generate
2D sheets more correctly described as 1D chains of composi-
tion Br,(H,O), packed into sheets separated by layers of
macrocycles (Fig. 3), the chains being connected only by
interactions with the positively charged ammonium groups.

Structure of [H2L1(13)2] . 212 . 2CH3CN (2)

Table 3 contains a list of hydrogen bonds and close contacts
for 2. The asymmetric unit consists of one half of a diproto-
nated macrocycle with one acetonitrile molecule, one I3~
moiety and one I, (Fig. 4). The macrocycle lies around a

o) N(1)
O—0379 B 319,
e
IR ar@)
s/ 3w a3 - A3y )
Ty MW - - 347 0
9 e Q - -Popw
ou)w‘ N2 ;g]") ---- B
Br(2)
Br{1) ®
N B N g
I s R T
J'hxs',' adg G‘ID 33~ g2
b' N@)
Nid) N3)
oMW -
324
O\_ _?_B_Q
3777 Bria) "~ L 3.4
Brd) 348 @) - B
a;m_ - IT ®
@ eE 327~ ~o q,c)m NG)
o)W o(mw Q

Fig. 2 ORTERP plots showing the H-bonding interactions of the Br™
anions in 1 (top) and 4 (middle and bottom). Br---N and Br---O
interatomic distances are given in A.
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Fig. 3 Packing of the structure of 1 showing the 2D sheets formed by
Br~ and water molecules viewed down the ¢ axis. Macrocycles are
drawn in stick representation. Dashed lines indicate hydrogen bonds.

twofold axis of symmetry, using one of its ammonium protons
to donate a hydrogen bond to the acetonitrile solvent molecule
(N(1)-H(2)- - -N(3): 2.869(9) A, 150(11)°) which is located away
from the cavity in the plane of the ring. An intra-ring interac-
tion between the ammonium and amine nitrogens (N(1)-
H(1)---N(2): 2.912(8) A, 120(6)°) assists in the contraction of
the macrocycle in concert with packing effects of the hydro-
phobic entities.

The iodine atoms assemble into left- and right-handed
helices consisting of alternating I, and I3~ species (Fig. 5) with
the longest intermolecular I- - -I distance being between I(5) and
1(3)* (3.5062(9) A) which is well below the sum of the van der
Waals radii (3.96 A) Each spiral contains ‘grooves’, which
house macrocycles on two of its four sides, and has acetonitrile
molecules occupying its centre. The helices pack with alternat-
ing right- and left-handed helices to form infinite channels in
which the acetonitrile molecules reside. The protons of the
ammonium group N(1) appear to straddle the I(1)- - -I(2) bond,
with the nitrogen being almost equidistant to the two iodines
(3.669(6) A and 3. 784(6) A for 1(1) and I(2), respectively).
Structures incorporating polyiodide have been previously re-
ported in the literature, including a rotaxane-like assembly,*®
extended 2D networks,*® extended 3D networks*’ and, very
recently, a branched helical arrangement whose backbone is
comprised of alternating I, and I3~ moieties in a similar
manner to that in the present structure.*! While this structure
was created using a helical cation as the template, the helices in
2 have self-assembled without similar coaxing. These examples
highlight the versatility of the polyiodide species in adapting to
the requirements of a wide range of cationic species.

Table 3 Hydrogen bonds and close contacts in 2. Esd’s are given in
parentheses

D-H---A dD-H)/A dH---A)/A dD---A)JA ; (DHA)/
N(D)-H(1)- - -NQ)#1 0.92(8)  2.34(8) 2912(8)  120(6)
N()-H(2)---1(2) ~ 0.78(11) 3.37(11)  3.784(6)  116(9)
NQ@)-HQ@)---I3)#1 0.95(7)  3.25(8) 4.136(6)  157(5)
N()-HQ)---N3) 0.78(11) 2.16(11)  2.869(9)  150(11)
N(D)-HQ)---I(1) ~ 0.78(11)  331(11)  3.669(6)  112(9)

Symmetry transformation used to generate equivalent atoms: #1 —
x+1,y, —z+3)2.

View Online
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Fig. 4 ORTEP plot of the expanded asymmetric unit of 2. Selected
interatomic distances: I(1)---1(2) 3.012(1), I(2)---1(3) 2.831(1),
1(4)---1(5) 2.7516(8), I(1)---I(4) 3.3090(8), I(3)---I(5)* 3.5062(9).
Macrocyclic C-H hydrogen atoms have been removed for clarity.
Dashed lines represent H-bonds and close contacts. * indicates sym-
metry generated atoms.

Structure of [HgL2(Cl)¢] - 4H,O (3)

This structure is the only one in the series in which L2 is fully
protonated and thus contains a full compliment of ammonium
groups (Figs. 6 and 7). Table 4 contains a list of hydrogen
bonds and close contacts.

Fig. 6 shows the hydrogen bonding environment around the
macrocycle, which utilizes all 12 ammonium protons in inter-
actions with either water or the chloride anions. Owing to the
greater charge of the protonated macrocycle (6+), the macro-
cyclic cavity is much larger than that found in 4 and 5 (150 A?
cf. 106 A2 for both 4 and 5. Interestingly, the conformation
adopted by the macrocycle in 3 is also the most distorted from
a ‘regular’ conformation (Fig. 6) (which would have equal
N---N distances for N(1)---N(1)*, N(2)---N(2)* and
N(3)- - -N(3)*) of the three [18]aneNg presented. In rationaliz-
ing this behaviour, it should be noted that once the macrocycle
is in contact with two chloride ions (CI(1) and CI(1)*) through
four ammonium groups, there is still a charge of 44 to be
compensated for. As the macrocyclic cavity is not sufficiently
large to hold two CI™ anions on each side, it is elongated along
the axis of the two remaining ammonium groups that are each
pointing outwards to interact with water and chloride anions,
that form part of a negatively charged chain comprised of Cl1™
and water in a 1 : 1 ratio. The extended structure of 3 is best
described as 2D sheets that are connected by a single C-H- - -Cl
interaction (3.419(2) A, 137(2)°, Fig. 7).

There are three crystallographically unique chlorides in the
structure (Fig. 8). CI(1) sits 2.024(2) A above from the mean
plane of the macrocyclic cavity, forming the apex of a trigonal
pyramid, the base of which is made up of three close contacts
with two ammonium donors and a C-H from the same
macrocycle. The N-H---CI(1) contacts are quite short:
3.095(2) A from N(3) and 3.203(5) A from N(2), and the
C—H- - -CI(1) interaction is close to linear (C(5)-H(15)---CI(1)
3.588(3) A, 165(2)°). A recent statistical survey of the CSD
has shown unequivocally that a short C-H- - -Cl™ represents a
real interaction with a strong angular dependence.*’ This

Fig. 5 Packing diagram of the iodine moieties and acetonitrile
molecules in 2 viewed along the a axis (left) and the b axis (right)
showing the alternating left- and right- handed helices (middle helix is
left-handed in both figures). Iodine atoms are shown in ORTEP
representation and acetonitrile in van der Waals representation.

New J. Chem., 2004, 28, 1160-1167
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Fig. 6 ORTEP plot showing the H-bonding environment around the
macrocycle in 3. C-H hydrogen atoms are removed for clarity. Dashed
lines represent H-bonds. * indicates symmetry generated atoms.

C-H- - -CI(1) interaction is a clear example of an ideally placed
C-H group contributing to overall adduct stability by occupy-
ing a site which enables interaction with the halide. There is
another close C—H---Cl contact in 3 between CI(3) and a
carbon atom from a neighbouring macrocycle (C(2)-
H(10)- - -C1(3) 3.415(5) A, 138°), which makes this chloride
different to the others in that the donor groups adopt a
distorted tetrahedral geometry around the chloride. The trigo-
nal pyramidal H-bonding motif formed around CI(1) and CI(2)
is more common and has been previously found to be adopted
by chloride anions in the less co-ordinatively-restrictive envir-
onment of non-cyclic polyamines.? In our work, this was also
the most commonly observed H-bonding cluster in the five
chloride structures. Given the recurrence of this motif we have
found it useful to characterize the trigonal pyramid by the
distance that the chloride lies from the plane defined by the
three H-bond donors comprising the base of the trigonal
pyramid, and the D---A---D chelate angles, which provide a
measure of the departure from a regular trigonal pyramid.
Deviations from the planes defined by the donors to CI(1) and
Cl(2) in 3, were calculated as 1.842(4) A and 1.476(3) A
respectively. For CI(3), the deviation from the N-N-O plane
is 1.566(3) A, however it is 0. 200(3) A from the N-N-C plane.
The chelate bite angles of the macrocycle are 59° for the two
adjacent ammonium groups and 85° for N(2)-CI(1)-C(5).

Y V?c"' \w" 5 5% 99
AT
l -u.-ﬂ.s»\ a.zﬂ-l-\ ég - =
v e \?i‘“ W 90
@y A A ’-'*3:!.5& N - By ag=h
\ P
a'-.‘ e
0

Fig. 7 Packed view of the hydrogen bonding network in 3 viewed
parallel to the 2D sheets (ORTEP representation, top) and packed view
of the L2Cl, units with water and chlorides exterior to the cavity
removed with CI™ shown as 1/2 van der Waals spheres with the
macrocycle in stick representation viewed along the ¢ axis (bottom).

1164

New J. Chem., 2004, 28, 1160-1167

Table 4 Hydrogen bonds and close contacts in 3. Esd’s are given in
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parentheses

D-H---A d(D-H)/A d(H---A)/A d(D---A)/A L (DHA)/°
N(3)-H(6)- - -CI(3) 0.87(3)  2.23(3) 3.0752)  167(2)
N(1)-H(Q)- - -O(1)W 0.88(3)  1.88(3) 2757(3)  174(2)
N(1)-H(1)- - -CI(3)#2* 0.893)  2.19(3) 3.0482)  163(2)
NQG)-H(5)- - -CI(1) 0.943)  2.15(3) 3.0952)  178(2)
N(2)-H(@3)- - -CI(1) 0.97(3)  2.36(3) 3.203(2)  146(2)
NQ)-H@3)---O(DW#3  097(3)  2.54(3) 3.1313)  119(2)
O(1)W-HQQ)W---CIQ)#4 0.78(4)  2.37(4) 3.1432)  167(3)
O()W-H(HW---0QW  0.85(3)  1.86(3) 2.7123)  174(3)
OQ)W-H@#HW---Cl2)  0.77(5)  2.37(5) 3.1383)  171(4)
OQ)W-H(R)W---OQ)W#5 0.72(5)  2.63(4) 3.102(7)  125(4)
OQ)W-HR)W...CI3)#6  0.72(5)  2.66(4) 3.241(3)  140(4)
NQ2)-H@)- - -CI(2) 0.933)  2.23(3) 3.071(2)  149(2)
NQ)-H(4)- - -CIQQ)#7 0.933)  2.81(3) 3.2992)  114(2)
C(5)-H(15)- - -CI(1)#1 0.97(3)  2.64(3) 3.588(3)  165(2)
C(2)-H(10)- - -CI3)#8 1.023)  2.60(2) 3.4192) 1372

Symmetry transformations used to generate equivalent atoms: #1 —
x+1, =y, —z4+2;#2x—-1, y+ L,z #3x,y— 1, z; #4 —x+1, —y+1,
—z4+ L #5 —x+2, —y+ 1, —z+ L, #6 —x+2, =y, —z+ 1, #7 —x+1,
—y, —z+ L #8 x, y+1, z.

Structure of [HysL2(Br)4 - 2H,O (4)

A list of all H-bonds and close contacts for 4 is given in Table
5. The crystal structure of 4 contains a tetraprotonated hex-
aazamacrocycle H-bonding to four bromide anions and two
water molecules (Fig. 9). As with the macrocyclic amines in 2,
the protons on the two amine nitrogens in 4 could not be
located on Fourier difference maps and were not modelled,
however the proximity of a bromide (Br(3)---N(2), 3.48 A
Br(4)*---N(5), 3.46 A) to each one suggests that this hydrogen
atom points in the general direction of the anion with their lone
pairs oriented towards the centre of the macrocycle. This is
corroborated by two intra-ring N-H---N interactions (N(3)-
H(3)---N(2) 2.798(12) A, 105° N(6)-H(8)- - -N(5) 2. 793(12) A,
104°) that assist in the elongation of the macrocycle along the
axis defined by the two amines. The two bromides that lie
above and below the ring (Br(1) and Br(2)) are in a trigonal
pyramidal environment similar to that found for chlorides in 3,
each being chelated by two ammonium groups from their host
macrocycle and one from a neighbouring macrocycle (Fig. 2).
These two anions lie 1.954(3) Aand 1. 960(3) A from the mean
plane of the macrocyclic cavity, in surprising contrast to the
larger distance of 2.024(2) A found for the smaller chloride
anion in 3, which also had a larger and more electropositive
macrocyclic cavity to occupy! The co-ordination pyramids
(Fig. 3) formed in this case are considerably flatter than those
for the chlorides, with deviations from the planes of their three
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Fig. 8 ORTEP plots showing the H-bonding interactions of the CI~
anions in 3. D---CI™ distances are given in A.
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Table 5 Hydrogen bonds and close contacts in 4. Esd’s are given in
parentheses except for fixed and riding H

D-H---A d(D-H)/A dH---A)/A dD---A)JA ,(DHA)/
N()-H(1)---O(HDW  0.92 1.87 2.71(1) 150.8
N(1)-H(2)- - -Br(2) 0.92 2.61 3.416(8) 146
N(1)-H(2)- - -Br(1) 0.92 2.88 3.397(8) 116.6
NG)-H@)-- -Br(Q)#1  0.92 2.41 3.213(7) 146.4
NQ3)-H(4)- - -Br(1) 0.92 2.87 3.363(8) 115
N@3)-H(3)- - -Br(2) 0.92 2.49 3.343(8) 153.8
N(4)-H(6)- - -Br(1) 0.92 2.57 3.394(8) 148.8
N(4)-H(6)- - -Br(2) 0.92 2.86 3.327(8) 112.9
N@#)-H(5)---0Q)W  0.92 1.89 2741(11) 1521
N(6)-H(7)-- -Br()#2  0.92 2.4 3.222(8) 149.3
N(6)-H(7)- - -Br(2) 0.92 2.95 3.412(9) 112.7
N(6)-H(8)- - -Br(1) 0.92 2.5 3.363(8) 155.6
O(HW-H(@Q)W---Br(4) 1.00(1)  2.32(7) 3.239(7) 153(12)
NG)»-H(3)-- -N(2) 0.92 2.41 2.798(12)  105.6
N(6)-H(8)- - -N(5) 0.92 2.42 2.793(12)  104.1

Symmetry transformations used to generate equivalent atoms: #1 x,
y+Lz#2x,y—1, z

donors being 0.629(7) A and 0.626(7) A for Br(1) and Br(2),
respectively. The arrangements of atoms around the two
remaining bromide anions, Br(3) and Br(4), are also relatively
flat and close to trigonal pyramidal. In this case, however, the
donors comprise two water molecules and a macrocyclic amine
for each, inferred from the nearness of the contacts (Table 5).
Br(3) is locked between water molecules, O(1)W* and O(2)W*
(3.270(7) A and 3.232(9) A, respectively), which themselves are
also interacting with the macrocyclic ammonium protons, and
a macrocyclic ammonium group, N(2) (3.478(8) A). The
deviation from the plane of its donors is calculated as
0.655(5) A. The next two closest contacts are with two carbon
atoms each at least 3.84 A away. Br(4) accepts H-bonds from
O(1)W and O(2)W* (3.2397(7) A and 3.281(10) A, respectively)
and from N(5)* (3.464(8) A). It lies almost precisely within the
plane of the three donors (deviation from the donor plane of
0.188(5) A) and has a possible weak interaction in an almost
linear C—H- - -Br contact (3.769(11) A, 171°).

Fig. 10 illustrates undulating 2D sheets formed by the
bromides (Br(3) and Br(4)) and the water molecules between
which lie layers of macrocycles, each chelating the two remain-
ing bromides through ammonium groups. Removal of these
interstitial Br~ and water molecules reveals a 1D chain com-

Br(1)®
@

Fig. 9 ORTEP plot of the hydrogen bonding environment of the
macrocycle in 4. C—-H hydrogen atoms have been removed for clarity.
Dashed lines represent close contacts and hydrogen bonds. * indicates
symmetry generated atoms.

View Online

Fig. 10 Packing of the anions, water and macrocycles in 4 viewed
along the b axis showing the horizontal sheets of bromide and water
molecules. Bromide (yellow) and oxygen (red) atoms are shown in
ORTERP representation.

Fig. 11 1D chains formed by the macrocycles and two of the four
crystallographically unique bromide anions in 4 (viewed along the a
axis). Dashed lines represent hydrogen bonds.

prised of parallel macrocycles sandwiching their chelated bro-
mide anions (Fig. 11). In contrast to 3, the macrocycle has all
nitrogen atoms oriented towards its centre (Fig. 9). The chelate
bite angle for the macrocycle is 83°, similar to that found for
the N-CI-C angle in 3.

Structure of [H4L2(I)x(15)2] (5)

Hydrogen bonding and close contact details for 5 can be found
in Table 6. The structure of 5 consists of a tetraprotonated
macrocycle lying around a crystallographic inversion centre
with the charge being balanced by two I~ and two I3~ anions
(Fig. 12). There are no solvent molecules in the lattice and in
contrast to 2 and 4, proton H(5) on the amine nitrogen (N(3))
was located unambiguously in Fourier difference maps, its
position also being corroborated by the presence of a hydrogen
bond to the N(3) lone pair from an adjacent ammonium group
(N(D)-H(2)- - -N(3)* 2.828(8) A, 107°). This interaction, as in
the other structures, contributes to the elongation of the
macrocycle along the axis defined by the amines, N(3) and
NQ@)*.

Table 6 Hydrogen bonds and close contacts in 5. Esd’s are given in
parentheses except for fixed and riding H

D-H---A dD-H)/A dH:--A)/A dD---A)/A , (DHA)®
N(D)-H(1)-- I(@)#2  0.92 2.85 3.591(6) 1387
N()-H(1)---I(D#1  0.92 3.11 3.595(5) 1145
N()-HQ)---I(1)  0.92 2.89 3.669(6)  143.2
NQ2)-HQ3)---I(H#1  0.92 2.78 3.605(6)  150.1
NQ)-H@)-- 14)#3 0.92 2.91 3.598(6) 1325
NQ)-H®@)---I(1)  0.92 3.04 3.581(6)  119.2
NQG)-H(G)---I(D#4  1.00(1)  3.17(7) 3.868(6)  128(6)
N(1)-H(Q2)- - -NQ3)#1 0.92 2.43 2.828(8)  106.5
N@)-H@)---1(1)  0.92 3.04 3.581(6)  119.2
N(D)-H(1)---I(D#1  0.92 311 3.595(5) 1145
N@)-H@)-- - I(D#1 0.92 2.78 3.605(6)  150.1

Symmetry transformations used to generate equivalent atoms: #1 —
Xx+2, —y+1, —z+2;#2 x, —y+1/2, z4+1/2; #3 x, —y+1/2, z—1/2;
#Ax—1,y,z

New J. Chem., 2004, 28, 1160-1167
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1(3)
1@y

12y

®I(1)°
Fig. 12 ORTEP view of the hydrogen bonding network around the

macrocycle in 5. C—H hydrogen atoms have been removed for clarity. *
indicates symmetry generated atoms.

Fig. 13 Packing diagram of the macrocycle (stick representation) and
iodide moieties (ORTEP representation) in 5 viewed along the a axis.

Fig. 14 1D chains formed by I™ and the macrocycles in 5. Iodides are
drawn as % van der Waals spheres.

The large, linear I3~ anions lie outside the macrocyclic
cavity, forming undulating sheets much like those formed by
bromide and water in 4 (Fig. 13), with sheets of [H4L2(I),]*"
cations separating the layers. Each 15~ is participating in a total
of two hydrogen bonding interactions through 1(4) with two
macrocyclic ammonium protons (N(1)-H(1)---1(4)* 3.591(6)
A, 138.7° and N(2)*-H(4)*- - -1(4)* 3.598(6) A, 132.5°). There is
a significant difference between distances from the central
iodine atom (I(3)) of the anion to those on the ends
(I1(2)---I(3) 2.8034(9) A, I(3)---1(4) 3.158(1) A, reflecting the
polarizing effect of the two H-bonds to 1(4). This asymmetry is
less pronounced in the I3~ anion in 2 (I.--I distances of
3.012(1) A (I(1)---I(2)) and 2.831(1) A (I(2)---I(3)) which is
participating in longer and less directional H-bonds, and with
only one donor. The I™ anion is participating in H-bonding
with three macrocyclic ammonium groups and lies 2.351(1) A
above the mean plane of the macrocyclic cavity, an expected
increase on the analogous situation for the chelated bromide in
3. In examining the 1D chains formed by the macrocycles and
anions in 4 and 5 (see Figs. 11 and 14) it is interesting to note
that the bromides each utilize three N-H- - -X interactions in
their formation whereas the iodides only use two. As with the
other halides, the co-ordinated iodine atoms are at the apex of
a trigonal pyramid if we take I(4) to have I(3) as its ‘donor’.
Deviations from the donor planes are 2.367(1) for I(1) and

1166

New J. Chem., 2004, 28, 1160-1167

View Online

1.210(3) for I(4). The chelate bite angle of the macrocycle is
75°, slightly smaller than that for bromide in 4 as one would
expect due to the longer interactions. The tetraprotonated
macrocycle has a similar conformation to that seen in 4 with
all nitrogen atoms directed towards the cavity centre and an
elongation along one of the N---N* axes.

Conclusion

We have described the X-ray crystal structures of a series of
azamacrocycle-halide adducts, and the factors contributing to
the formation of various H-bonding constructs observed there-
in. The cavity of protonated [12]JaneNy is not sufficiently large
to bind CI™, Br™ or I within the macrocyclic cavity and, as a
consequence, the anions are located on the exterior of the
macrocycle, and the conformation of the macrocycle is ad-
justed to facilitate crystallization through H-bonding interac-
tions with the amine and ammonium groups. The larger
[18]aneNg macrocycle, on the other hand, is able to participate
in hydrogen bonding interactions with anions both on the
inside and the outside of the cavity. In addition to assisting
crystallization in similar ways to [12]aneNy, [18]aneNg is able
to bind two halide anions within the macrocycle cavity and, in
the case of chloride, exclusively through interactions with N-H
or NH," groups on a single macrocycle. Although this appears
to contradict the findings of the solution studies,?! where one
halide binds to the macrocycle, we note that our products have
been isolated at low pH and from solutions containing higher
halide concentrations than used to determine binding con-
stants.

Nevertheless, the structural motifs that we have elucidated
do highlight a number of features that are likely to make
important contributions to the binding of these halides in
solution.®! In this context, both Br~ and Cl~ have a tendency
to form trigonal pyramidal arrays with three H-bond donors,
with CI” invariably sitting further from the plane of the
donors. This particular structural feature was highlighted by
Iioudis e al.*®> where trigonal pyramidal constructs were
formed by chloride (and to a lesser extent, bromide, which
had a tendency towards square pyramidal geometries) anions
when co-ordinated to a series of linear polyammonium cations.
As in our study, these ligands adopt flexible co-ordination
geometries that respond to anion size. Moreover, as the size of
the anion increases, interactions involving neighbouring
macrocycles become more important as it becomes more
difficult to fit the larger anions close to or within the cavity.
As indicated previously,’* in contrast to existing studies in
which pre-organized hosts largely determine the halide coordi-
nation environment, the use of flexible open chain and
branched protonated polyamine ligands and also flexible pro-
tonated mono-macrocyclic ligands, [18]aneNg more so than
[12]aneNy, is allowing the elucidation of the preferred halide
coordination modes in less constrained environments. Ongoing
studies are focusing on adducts formed by protonated forms of
[12]aneNy, [15]aneNs and [18]aneNg and a wider variety of
anions.
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