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An Unusual Structure of the Hydrated Sodium Chloride
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Complex of Cryptand [2.2.2]
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The solid state structure of the Na[2.2.2]C1+3H,O complex has the sodium ion displaced towards one of
the cryptand nitrogens and the chloride and water molecules associated by hydrogen bonds to form a pseudo
cube with two chloride jons at opposite corners of the cube and water oxygens at the other six corners.
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Introduction.

The first alkali cation-[2.2.2]-cryptates reporied in the
early 1970s exhibit similar structures in the solid state [1]
and illustrate interesting trends as a function of cation
diameter. The common features of these compounds in
which the anion is a small univalent species are that the
metal ion and the nitrogen atoms lie on a 3-fold axis with
the three triethyleneoxy branches linking the nitrogen
atoms being related by the 3-fold symmetry. The anion lies
on a different 3-fold axis. The host conformation changes
corresponding to different cations are observed using sev-
eral parameters including the N...N interatomic distance,
the cation to donor atom interatomic distances and the tor-
sion angles of the three-dimensional ligand. Examination
of the M-O interatomic distances and the torsion angles of
the host for the alkali cation-[2.2.2] cryptates indicates that
the potassium-cryptate exists in a least strained state with
the cation-donor atom distances being approximately
equal to the sum of the radii of the cation and donor atoms
and the torsion angles being approximately equal to the
expected low energy values for O-C-C-O of 60° (gauche)
and for C-O-C-C of 180° (trans) [1]. Cryptates of the
other alkali metal ions illustrate expected conformational
changes that the host makes in order to accommodate the
smaller cation, Na*, and the larger cations, Rb+ and Cs*.
Cryptates of Li* with [2.2.2] do not form, probably
because of the small radius of Li*. It is apparent that Na*+
is also small for the [2.2.2] cavity as the Na-O (2.57 and
2.58A) and Na-N (2.75 and 2.78A) distances are longer
than the sum of the radii of Na and O (2.42A) and Na and
N (2.52A) [1,2). Using the same reasoning, Rb* and Cs*
are too large for the host. The cation size trend is also
reflected in the N...N distances in the complexes which are
5.50, 5.75, 6.01 and 6.07A [1] for the Na*, K+, Rb* and
Cs* complexes, respectively. It is interesting that K+, Rb*
and Cs* lie at the midpoint of the line joining the two
nitrogens but Nat is slightly displaced from that point.

The small displacment of Na* (0.03A) from the center
of the Na[2.2.2]I complex can be accounted for by the

small radius of the cation. A similar small displacement
was expected in the Na[2.2.2]Cl] cryptate. However, a
much greater displacement was found. We now report the
solid state structure of Na[2.2.2]C1*3H,O in which the
Na+ is significantly displaced from the center of the host.
The original purpose of this X-ray study was to verify
that the product of the synthesis of [2.2.2] which was iso-
lated by alumina chromatography [3] was the desired
product. The crystallization of Na[2.2.2]Cl was not
expected. The unsymmetrical position of the Na* and the
role of the waters in the formation of an aggregate anion
were also not expected but they are of interest.

Results and Discussion.

Figure 1 shows the conformation of the cation and the
atom labels. The atomic positional and thermal parame-
ters are listed in Table 1. Bond lengths and angles are
contained in Table 2. The cryptate and the Cl- lie on three
fold axes. However, since the water is not on a three fold
axis, there are three symmetry related waters for each
Na[2.2.2]C1 unit. The formulation of the compound is
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Figure 1. Conformation of Na[2.2.2]CI*3H,0 with two of the symme-
tery related water molecules omitted for clarity.
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Table 1

Atomic Positional Coordinates (x104) and Equivalent Isotropic
Displacement Coefficients (A2 x 103) for the Cryptate

x y z U(eq) [a]
Na 6667 3333 4032Q2) 46(1)
a 0 0 2680(2) 86(1)
N1 6667 3333 6546(3) 35(1)
2 7505(3) 2775(3) 6946(2) 44(1)
H2A 7330 2532 7781 43(7) [b]
H2B 8435 3462 6872 43(8) [b]
c3 7287(3) 1569(3) 6227(2) 44(1)
H3A 6370 856 6320 44(8) [b]
H3B 7873 1251 6504 32(7) [b)
04 7549(2) 1949(2) 4991(2) 41(1)
cs 7552(3) 903(3) 4292(2) 46(2)
H5A 6780 48 4491 42(8) [b]
H5B 8352 859 4461 44(8) [b]
c6 7503(3) 1192(3) 2986(3) 452)
H6A 7588 554 2487 35(7) [b)
H6B 8233 2080 2804 53(9) [b]
07 6238(2) 11332) 2766(2) 44(1)
cs 5848(3) 917(3) 1531(3) 48(2)
HSA 4927 1 1470 51(9) [b]
HSB 5895 151 1242 34(7) [b]
C9 6701(3) 2123(3) 739(2) 45Q2)
HOA 6399 1924 -81 46(8) [b]
H9B 7616 2308 769 26(6) [b]
N10 6667 3333 11303) 40(1)
Ow 1985(3) -292(3) 824(2) 84(2)
Ht 1394 740 277 77(13) [b]
H2 1551 23 1266 149(2) [b]

[a] Equivalent isotropic U defined as one third of the trace of the orthog-
onalized Uij tensor. [b] Isotropic U value.

[Na(CygH36N,04)]1 Cl*3H,0. The most significant struc-
tural feature of the cryptate is the large displacement of
the Na* (0.216 A) from the midpoint of the line joining
N1 and N10. The Na-donor atom interatomic distances
are shown in Table 3. These data show that the Na+ is also
significantly closer to O4 than to O7. The torsion angles
for the ligand are listed in Table 4. There is one torsion
angle, C6-07-C8-C9, which deviates significantly from
the expected frans value while the other values are nor-
mal. While the chloride ions do not interact with the Na+,

Table 2
Bond Length and Angles for the Cryptate

1 2 3 1-2A 1-2-3°
Cc2 N1 C2A 1.462(4) 111.2Q2)
N1 c2 3 113.32)
2 C3 04 1.503(5) 108.6(2)
3 04 cs 1.427(3) 110.8(2)
04 Cs C6 1.428(4) 109.0(3)
(o] C6 o7 1.495(4) 107.6(3)
C6 o7 C8 1.436(5) 113.1(2)
o7 C8 9 1.426(3) 113.5(2)
C8 9 N10 1.512(4) 112.3(3)
9 N10 C9A 1.470(4) 111.62)
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Table 3

Interatomic Distances Between Nat+ and Donor Atoms of the Ligand

1 2 1-2A
Na N1 2.792(4)
Na 04 2.502(3)
Na o7 2.705(2)
Na N10 3.223(4)

they are rather close to the cryptate. This will be dis-
cussed later. Each chloride is hydrogen bonded to three
symmetry related waters through one hydrogen of each
water. The second hydrogen of each water is hydrogen
bonded to a water molecule of another CI(H,0O);~ unit
which is related to the first unit by a center of symmetry.
The resulting large water-chloride anion is shown in
Figure 2. Hydrogen bond data are listed in Table 5.

Table 4
Torsion Angles in the Cryptate

1 2 3 4 1-2-3-4(%)
C2A N1 2 C3 -159.6(2)
C2B N1 c2 C3 75.9(4)
N1 2 C3 04 57.53)
(&) C3 04 cs 171.4(3)
C3 04 cs c6 166.8(2)
04 cs c6 07 -64.3(3)
cs c6 07 cs -159.2(2)
c6 07 Cs C9 -70.9(4)
o7 C8 c9 N10 -58.3(4)
cs C9 N10 C9A 155.4(3)
cs C9 N10 C9B -78.8(4)

The unexpected presence of the waters in the crystal of
the Na[2.2.2]Cl complex results in the formation of a
multiatom divalent anion. This aggregate (see Figure 2)
consists of eight nonhydrogen atoms which form a pseudo
cube approximately 3.1 x 3.1 x 3.1 A. The atoms are not
held together by covalent bonds, but the hydrogen bonds
give the polyhedron structural integrity.

It is not unusuval for the Na+ to be significantly dis-
placed from the center of [2.2.2] when the anion consists
of several atoms. There are several examples of this in the
literature because when studying the structures of com-
plex anions, Na[2.2.2]+ is often the cation of choice.
When Nat is encapsulated in a three dimensional cape, it

Table 5
Hydrogen Bond Data for the Hydrated Anion
D H A H.AA D.AA D-H.Adeg
ow H1 OW sym 222 3.063 167
ow H2 Cl 2.360 3.207 158
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Figure 2. The pseudo-cubic Cl,(H,0)¢2~ aggregate ion.

will not distort the anion of interest. Table 6 lists represen-
tatives of these structures. In some, the cryptate lies on a
three-fold axis. However, some cations are distorted so
much by the large anions that they lose their three-fold
symmetry.

The complexes listed in Table 6 show that in the pres-
ence of large multi-atom anions, the complex cation is
often distorted. The distortion is usually attributed to the
strain of the host caused by complexing a guest signifi-
cantly smaller than its cavity [4,7]. However, it should be
noted that while Na+ is not exactly at the center of the

Table 6
Some Examples of Distorted Na{2.2.2]* Cations

Complex Na-X range (A) Reference

(Na[2.2.2]),Sby [a] Na-N 2.90-2.93 4]
Na-0 2.47-3.30

(Na[2.2.2]),As,Se, [b] Na-N 2.81-3.18 [5}
Na-0 2.48-2.51

(Na[2.2.2]),Pbs [c] Na'N 2.66-3.23 [6]
Na-O 2.48-2.66

Na[2.2.2]Sns (1) NaN 2.91-3.01 [6]
Na-0 2.56-2.65

(2] Na-N 2.66-3.43 [6]

Na02.43-2.63

(Na[2.2.2})3Sb; [c,d] Na-N 2.83-2.94 7
Na-0 2.40-2.71

Na[2.2.2] [CO,(n5-CsMes),(-COz)}  Na'N 2.665-2.957 (8]
Na-0 2.558-2.674

(Na[2.2.2]); [Fex(CO)g(H,-PPhy)] Na-N 2.693-3.142 91
Na-0 2.497-2.748

Na{2.2.2]Cl+3H,0 [c] Na-N 2.792-3.223  this paper
Na-0 2.502-2.705

Na[2.2.2]1 [c] NaN 2.722-2.782 [2]

Na-0 2.566-2.582

[a] Data given for only the most distorted cation. [b] Only 5 Na-O dis-
tances listed in paper. [c] Cation lies on 3-fold axis. [d] Data given for
only one of the similar cations.
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host in the Na[2.2.2]1 complex, the donor atoms are
arranged essentially symmetrically about the cation (see
Table 6). This suggests that cation radius is not the only
factor causing unsymmetric complexation. The large mul-
tiatom anions in the compounds listed in Table 6 do not
interact with the Na+ but they do approach the cryptand
which suggests packing forces are also a factor in distort-
ing the host. The chloride ions in the title compound are
approximately 7 A from the Na*. However, water mole-
cules of the aggregate anion do approach C9 atoms of the
ligand. The OW-H92 interatomic distance is 3.08 A Ttis
significant that the only unusual torsion angle in the lig-
and is the C6-O7-C8-C9 torsion angle which is —70.9°
rather than the expected trans value (see Table 4). These
atoms join N10, the nitrogen farthest from the Na*.
Evidence supporting the role of packing forces in the dis-
tortion of these cryptates is found in reference [4] which
contains structures of four crystallographically different
cryptates. The complex cation which has the shortest Na*-
anion distance (6.01 A and 0.44° shorter than any other
similar interaction) is the most distorted cation while the
other three are more normal [4].

Table 7
Summary of the Crystal Data and Experimental Conditions

Formula [Na(C;gH3gN,06)ICl:3H,0
Formula weight 489

F(000) 528

Crystal Size, mm 026x0.30x0.32

y, mm-1 0.19

Space group P3

Crystal system Trigonal

a,A 11.444(3)A

cA 11.106(3)A

Volume, A3 12542

zZ 2

Density, calc. Mg/m?2 1.295

26 range, deg 4.01055.0

Independent data 1938

Observed data 1043 (F>6.0 6(F))
Data/parameter ratio 9.5:1

R 4.63%

R,, 5.59%

Weighting Scheme w1 = g(F)2 + 0.0003F2

X =0.0038(9), where F* =
F[1 + 0.002XF2/sin(26)]-1/4

Extinction Correction

Goodness of fit 1.96
Largest peak in difference map eA-3 0.43
Largest hole in difference map eA-3 -0.30

Finally, if packing forces are important in distorting the
solid state cryptate, the distortions should not be present
when the complex is in solution. In fact, the interactions
between the Na*+ and the donor atoms of [2.2.2] would be
similar and therefore, in the solution state, the conformation
of [2.2.2] in the complex should be similar to the uncom-
plexed [2.2.2] molecule in the solution state. This is the case
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as the 13C nmr spectra of [2.2.2] and the title compound in
the solution state are similar in that no additional signals for
carbon atoms were observed in the spectrum of the complex.

EXPERIMENTAL

The Naf2.2.2]CI*3H,0 complex was isolated during the one-
step synthesis [3] of [2.2.2] using sodium carbonate as the
base/template in acetonitrile according to the following reaction.

£ )2 ¢ 32
HN (o] NH, + 2 Ts OTs

d %
( moﬁ\_r} .
<—o o—> + 3HO
\_/

1,8-Diamino-3,6-dioxaoctane (1.48 g, 0.01 mole), 9.25 g
(0.021 mole) of triethylene glycol ditosylate and 20 g of sodium
carbonate were stirred under reflux in 250 ml of acetonitrile for 6
days. The solvent was evaporated and 100 ml of dichloromethane
was added. This mixture was filtered and the solvent was evapo-
rated. The residue was chromatographed on 120 g of activated
alumina (Aldrich, Brockmann I, neutral, 150 mesh) using ace-
tonitrile/ethanol, S0/1 as the eluant to give 2.4 g of solid, mp 89°-
92°; 1H nmr: 8 1.8 (s, 6 H, disappeared in deuterium oxide), 2.7
(t, 12 H), 3.7 (m, 24 H); 13C nmr: & 53.3, 68.1, 69.1. This solid
complex was chromatographed on silica gel using metha-
nol/ammonium hydroxide, 50/1, 20/1, 10/1 as the eluants to give
free cryptand [2.2.2]; 13C nmr: § 56.7, 70.3, 71.4.

A suitable crystal of the sodium complex was mounted on a
Siemens R3m/V automated diffractometer which utilized Mo-
Ka radiation (A = 0.71073 A). Crystal data and the orientation
matrix for the solid were obtained using a least squares proce-
dure involving several carefully centered reflections. The crys-
tal data along with structure determination data are included in
Table 7. Single crystal intensity data were collected using a 6-
20 scan mode. The trial structure was obtained using direct
methods and refined using a full-matrix least-squares proce-

N82C03
—

CH;CN
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dure. As expected, the complex was oriented about a three fold
axis with the nitrogens and the cation on the axis. The Cl~ was
located on another three fold axis and did not interact with the
complex cation. Difference maps indicated that the structure
contained a water of solvation located near the Cl- but not on a
three fold axis. Positions for hydrogen atoms of the ligand were
calculated and refined using a riding model for the hydrogens.
The water hydrogens were located in a difference map and were
allowed to ride on the water oxygen in the refinement. Non-
hydrogen atoms were refined anisotropically while hydrogen
atoms were refined isotropically. The programs used in the
solution, refinement and display of the structure are contained
in the SHELXTL-PLUS™ program package [10]. Atomic scat-
tering factors are those found in the International Tables of X-
ray Crystallography [11].
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