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Abstract—A crystalline salt of 2.2.2-cryptand and citric acid, 4,7,13,16,21,24-hexaoxa-1,10-diazo-
niabicyclo[8.8.8]hexacosane bis(citrate) hydrate [Hz(Crypt—222)]2+-2(C6H7O7)'- 1.65H,0, was syn-
thesized and studied by single crystal X-ray diffraction. In the crystal structure of this salt, the 2.2.2-
cryptand dication is somewhat disordered, and its H atoms at two protonated N atoms are oriented
inside the cryptand cavity. Two independent citrate anions are essentially different, as different
COOH groups in them are deprotonated. The geometric parameters (bond lengths, bond angles, etc.)
of the molecular ions and water molecules are determined with a relatively high accuracy. The
structural units form a three-dimensional system of intermolecular (interionic) hydrogen bonds.

DOI: 10.1134/S1070363208060170

It is well known that 2.2.2-cryptand (or 4,7,13,16,
21,24-hexaoxa-1,10-diazoniabicyclo[8.8.8]hexacosane)
forms host—guest complexes with many metal cations
[1, 2]. This cryptand is also a diacid base (as it
contains two tertiary amino groups), and therefore it
can form salts with various organic and inorganic
acids.

The crystal structures of 2.2.2-cryptand salts with
organic acids are of appreciable interest for crystal
chemistry, supramolecular chemistry, and organic
crystal engineering, but are studied poorly. Previously
I synthesized crystalline salts of 2.2.2-cryptand with
picric [3, 4], isocyanuric [5], and tartaric [6] acids and
examined their crystal structures.

Here I report on the synthesis and single crystal X-
ray diffraction study of a new crystalline salt of 2.2.2-
cryptand with citric acid, 4,7,13,16,21,24-hexaoxa-
1,10-diazoniabicyclo[8.8.8]hexacosane bis(citrate) hyd-
rate of the composition [Hz(Crypt-222)]2*-2(C6H7O7)'-
1.65H,0 (I), where [Hy(Crypt-222)]** is the 2.2.2-
cryptand dication (or 2.2.2-dication) with two
protonated bridgehead nitrogen atoms. Note that citric
(2-hydroxy-1,2,3-propanetricarboxylic) acid and its
salts (citrates) are widely used in food industry and
medicine.

The X-ray structural study showed (see Experi-
mental) that the asymmetric part of the unit cell of
crystals of I contains one 2.2.2-dication, two different
citrate anions C¢H,O7 (A and B), and 1.65 water
molecules. A fragment of their packing in the crystal
structure of I is shown in the figure. The selected bond
lengths, bond angles, and torsion angles are given in
Tables 1-3.

The 2.2.2-dication in structure I is somewhat dis-
ordered: four of its nonhydrogen atoms occupy two
different crystallographic positions each: C'' and C'",
C"” and C", C" and C", C* and C¥, with oc-
cupancies of 0.781(8) for C'' and C'%, 0.219(8) for C'"
and C'?, 0.700(8) for C'* and C*°, and 0.300(8) for C"*'
and C*°. The 2.2.2-dication in the structure of I may be
still more disoredered. However, the possible second
positions of its other nonhydrogen atoms, especially of
those adjacent to the above-indicated atoms, are either
too close to the main position to be resolved or have
very low occupancy, on the level of background peaks
of the differential electron density. In what follows,
when discussing the molecular geometry of the 2.2.2-
dication, I will consider only the main positions of its
disordered atoms, without taking into account the less
occupied positions marked with a prime.
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Fragment of packing of the 2.2.2-dication, two different citrate anions C¢H;07 (A and B), and water molecules in the crystal
structure of I. The H atoms at the C atoms are omitted for clarity. In the 2.2.2-dication, the second, less occupied positions of the
disordered atoms C'!, C'2, C!°, and C* are not shown either. The occupancy of the o% position of the water molecule in the 2.2.2-
dication cavity is 0.074(9). Dashed lines denote some hydrogen bonds.

In the structure of I the mean lengths of the
covalent bonds in the disordered 2.2.2-dication [N*—C
1.503(3), O-C 1.419(8), and C-C 1.485(4) A] are
close to the mean values for the related cations. The
mean lengths of the N*~C bonds almost coincides with
the average statistical value, and the mean lengths of
the O—-C and C-C bonds are slightly and appreciably
smaller than the corresponding average statistical bond
lengths: N*(sp’)-C(sp’) 1.502(15) A for HN'(-C)s
fragments; O-C(sp”) 1.426(11) A for C#-O-CH,—C#
fragments; C(sp’)-C(sp”) 1.524(14) A for C#-CH,—
CH,-C# fragments [7]. The similar effective
shortening of the intracyclic C—C bonds is well known
for crown ethers [8]. Note that in the 2.2.2-dication in I

some bond lengths and bond angles involving the
above-mentioned four disordered nonhydrogen atoms
and the adjacent atoms are appreciably distorted
because of the disordering.

The major conformation of the 2.2.2-dication in I is
characterized in detail by torsion angles t in Table 3. It
can be seen that all the angles t of the X—C-C-Y type
(X, Y =N, O) are synclinal (of the gauche type) and
close to £60°; and among all the angles t of the C—N-
C—C type almost half are antiperiplanar (of the trans
type) and close to 180°, and almost half are close to —
60° (of the gauche type); and almost all the angles t of
the C-O-C—C type are close to 180° (of the trans
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Table 1. Selected bond lengths (d, A) in the structure of I?

CHEKHLOV

Table 2. Bond angles (o, deg) in the structure of I

Bond d Bond d Angle ® Angle ®
N'-c" 1.502(4) c'=o" 1.446(4) cPN'c'® 106.3(3) c''co” 107.3(3)
N'-C'® 1.502(3) o"-c* 1.404(4) C“N'c? 116.3(3) c?0"cH 106.9(2)
N'-c? 1.503(3) c'c” 1.488(4) C’N'C? 110.9(2) o"cc” 110.7(2)
c-C 1.484(4) ch-0' 1.415(3) N'cc? 114.6(2) Cl*C%0'0 110.32)
Cc-0' 1.42003) or*-c"” 1.41903) ccio? 109.6(2) clipisct 110.7(2)
4 5 17 18
o0'-C 1.417(3) c'-C 1.494(4) oS 110.2(2) 0'eClc!8 108.6(2)
5 6 19 20
C-C 1.478(4) Cc’-C 1.484(5) 0*C3Ct 110.6(2) cleisN! 114.6(2)
-0’ 1.417G3) -0 1.439(4) o0’ 111.02) N'CC 11134)
7 8 21 22
08—c9 1.41563) OZZ_C% 1.401¢4) c*o’c® 110.6(2) clc*o* 113.8(4)
ci-C 1.482(4) c2c” 1.481(4) o' 107.6) N2 120963
N’ 1.509(3) c*?-o* 1.415(3) CSCONTO L1420 0Pl 109302
N'°_¢c!" 1.504(4 o*-c¥» 1.419(3) 22) S
. 20 - A CON'oc! 105.1(2 c2CP0* 110.4(2
N!0_C26 1.495(3) crP-c* 1.485(4) 1@ A4
- ' - ' CONOC20 111502 ealomen 112502
cl-c® 1.492(5) B - 11n10,~26 > 24~2526 >
OlA_CiA 128203) OtF_CiB 12022 c''N'°c 116.2(3) o*cxc 108.9(2)
0*=C'* | 1.208(3) 0%=C'® 1.210(2) Ntetie® 110.53) CPC*N" 114.002)
OA_CA 1.41603) Ve 1411Q2) o'“c'o* 122.7(2) 0'8c'®*0® 122.7(2)
1A~TAA2A 1B~1B~2B
O*A_C5A 1.280(3) 0O*B_C8 1.268(2) o°cc 114.6(2) 0°Cc”C 116.3(2)
2AIAA2A 2B ~1B~2B
OFA—C5A 1.1933) O%P_C® 1.24702) o*c'c 122.7(2) 0*C'®c 121.02)
O%A_CoA 1.26103) OF_ o 1.308(2) clAgAca 112.8(2) Cc'Bc*Bc® 116.1(2)
3A3A~2A 3B~3B~2B
OTA_CHA 1.226(3) O7B_CB 1.209(2) o Cc*C 109.02) oC”C 106.8(2)
ClA_C2A 1.497(3) ClB_c2B 1.498(3) o*c*ctt 108.6(2) o*ctc® 110.7(2)
C2A_CA 1.516(3) C2B_(3B 1.525(3) O¥*CHcsr 108.3(2) OB 110.4(2)
A 1.544(3) B 1.547(3) cAchcH 111.52) c*Pe®ct® 111.7(2)
Ao 1.545(3) BB 1.532(3) chChch 112.7(2) PP 112.42)
CcH_CA 1.494(3) CcB_CB 1.511(3) CHCIACoA 106.7(2) C*BCBCoP 105.02)
* The bond lengths, bond angles, and torsion angles involving the chetren 112.6(2) CBC*BC® 112.2(2)
second, less occupied positions of the disordered atoms of the 4AASAASA 4B ~5B5B
2.2.2-dication are not given for brevity. The same for Tables 2 0mcTo 12242 0rCTo 12272
and 3. o*ACHACH 113.7(2) O*BCBC*® 116.9(2)
oA 123.8(2) OBCBC*® 120.4(2)
O6A~OANTA 12, . 2 6B ~6B~7B 124 2
type). Only two angles t of the C-N-C-C type OGACMOM 652) OGBC@OB )
(C°N'C''C' and C*N'°C"'C'?) and one angle T of the 0°ACAC 115.7(2) 0°BCoC 112.92)
. . TAAOAA3A 7B ~6B~3B
C-0-C—-C type (C"C*0*'C**) noticeably differ from orcre 117.8(2) o7 CTC 122.2(2)
the standard angles of the gauche and trans types. H'*0'c' 116(3) H'®0'""C'® 118(2)
3AN3AA3A 3B3B~3B
It should be noted that, in this disordered 2.2.2- H4AO4AC5A 1012) H63063C63 108(2)
dication, the gauche angles T involving positions with H7O™C 115(2) H7O™C 1112)
IOW OCCupanCy (Cll , Clz’ Cl9, and CZO)’ N10C11C12013 H1w10w1H2w1 109(3) H1w20w2H2w2 109(3)

—66° and N'C"C*0* 85°, have signs opposite to
those of the corresponding gauche angles N'°C!''C"?0"
and N'C"”C*0” in the major conformers (Table 3).
Note also that the 2.2.2-dication in I in its major
conformation has no, even approximate, symmetry.

In the structure of I, in both conformations of the
disordered 2.2.2-dication (major and minor) the

hydrogen atoms H' and H'® (at the bridgehead nitrogen
atoms N' and N'%) are oriented inside the cryptand
cavity. Each of these hydrogen atoms has short
intracationic contacts with three adjacent ether oxygen
atoms: H' with O*, 0'®, and O*'; H'® with O’, O, and
O*. These contacts with the H--O distances in the
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Table 3. Selected torsion angles (t, deg) in the structure of I

1203

Table 4. Geometric parameters of hydrogen bonds of the O—

Angle . Angle . H---O type in the crystal structure of I*°

c®N'cC’ -178.2(3) ctcho’c” | -162.42) H-bond d(0-H), |d(H--0),| d(0--0), | O-H-O
CBN'CC -56.5(3) | Ctocc® | ~166.3(2) O-H--0 A A A angle, deg
N0 _574(3) | 0'°CCN! -51.403) O'"*-H".-0°) | 0.93(2) | 1.61(2) | 2.526(2) 167(3)
o' 1693(2) | CCBNIC 175.2(2) O-H*...0™ 0.93(2) | 1.892) | 2.574(2) |  129(3)
CoCSct 170.8(2) CCNI 1 -57.403) O*_H*\...0*8 0.93(2) | 1.68(2) | 2.590(2) 167(3)
O4C5C607 70.8(3) C2N1C19C20 -73.5(5) OIB—HIB-"OSB(il') 0.92(2) 1.61(2) | 2.509(2) 165(2)
CC0’C? 1747(2) N!0 162.4(4) O*B_H*...0%(iii) | 0.92(2) | 1.87(2) | 2.777(2) 167(2)
o0’ CC? 172.02) | N'C*c*0? —43.6(7) O°P-H"--0"(iv) | 0.92(2) | 1.66(2) | 2.574(2) 177(3)
O'C3CON'© -57.3(3) OO0 2 —94.5(5) OV'-H"™...0% 0.98(2) | 1.84(2) | 2.820(3) 174(3)
CBCON'OC ! 17833) | C®0’'c2c® | -166.03) O"'-H™'..0™ | 0.98(2) | 2.26(2) | 3.164(5) 153(3)
C3CON!0C26 -55.0(2) 0XC2CBo -66.9(3) O™ —H"%..0*(iv)| 0.97(3) | 2.14(3) | 2.866(4) 131(3)
CONUCIC? | _13594) | CRCPOMCE | —172.802) O"-H»2..0™ | 0.99(3) | 2.18(3) | 3.168(5) | 173(4)
C*N'°c!'c 100.3(4) CPo¥CPC® | -175.6(2) * The occupancy of the positions of the O*', H'™', and H**' atoms
NloClc2gl3 55.3(5) OXC2 N0 -55.2(3) is 0.894(8), and that of the positions of the O**, H™?, and H**?

A 13 14 ' 25 6m 100 ' atoms is 0.682(7). ° Symmetry codes: (i) —x, 1/2+y, 1/2—z; (ii) 1 —x,
cco°’c -173.7(3) C7CPN'C 179.0(2) y=1/2, 1/2—z; (iii) 1 —x, 1/2+y, 1/2—z; (iv) x, 3/2—y, z—1/2.
c"?o"cc” 169.6(3) CPC*N'"c! -60.6(3)
o"*ctco'* -67.93) - - angles t in Table 3). The lengths of the covalent bonds
O'AC!AC A 130.4(2) O'BC!BC?BC® -10.0(2) in the two citrate anions (A and B) are close to the
ONCIACACH|  _52.8(3) OBCIBCBCB 169.7(2) average statistical values (see tables of bond lengths in
OMCHCACA| _55.8(2) OBCBCBEIB 63.82) [7] and the lengths of the corresponding bonds in the

' ‘ Cambridge Structural Database [10]).
o*ChCHCt —47.403) o*Cc*®c*Cc® | -62.12) £ 110D
O*ACACHC|  106.42) O*BCBC*BCB -97.1(2) The oxygen atoms of the water molecules of
OACHACHCH  _76.1(4) OBCBCBCB $23(2) hydration in the crystal structure of I occupy three
. . . . wl w2 w3

OCHACHON  17872) OB 158.9(2) mdePendent p0s1t10n.s.0 , 0", and O ..The occu-

I . B3B3 25 40 pancies of these positions (and of the positions of H
OGACMCMOZA —34(3) OﬁBcﬁBCmOZB —2542) atoms bonded to these oxygen atoms), refined by the least-
orcreTC 58.1(2) orcreTC 39.8(2) squares method, are 0.894(8), 0.682(7), and 0.074(9),
O7ACPACAC™|  -124.1(2) O7BCBCBC™® | —144.5(2) i.e., 1.65 in total. It is seen that the positions O"' and
OPACOACACH* | —64.6(2) O°BCOBCBC*® -81.7(2) O™ are occupied incompletely, and the occupancy of
OTACOAC3ACHA 113.302) O7BCBCIBCB 94.0(2) the O" position in the center of the 2.2.2-dication
CACACHCH| _175.7(2) CIBC2BCIB OB 175.02) cavity is very low. The water molecule w3 occupying

A OA3AGA BB 3B 6B this minor position in the 2.2.2-dication cavity is
crcetc 64.4(2) crCcretC 57.4(2) ined in thi ition b . ion hvd

A A dASA . retained 1n this position by str03ng 1ntrac§1t10n ydrogen
crereTe 72.8(2) crcrcTc 56.8(2) bonds of the types N*~H---O"" and O""-H:--O, where
COACHCCA| -163.8(2) | CEBCECC® | 178.8(2) O is the atom of the 2.2.2-dication.

range 2.29-2.58 A can be interpreted as weak intra-
cationic trifurcate hydrogen bonds of type N*~H(---O)3

[9].

In the crystal structure of I, two independent citrate
anions C¢H;07 (A and B) are essentially different. The
deprotonation site in anion A is the COOH group at the
middle carbon atom C**, and in anion B, the COOH
group at the C*® atom. That is why, apparently, anions
A and B have different conformations (see torsion

In the crystal structure of I, there are intermolecular
(interionic) hydrogen bonds of the O-H---O type. Their
geometric parameters are given in Table 4. All these H
bonds are formed by the H atoms of all the OH groups
of citrate anions A and B and by all the H atoms of two
water molecules wl and w2. The H bond acceptors are
the O atoms of citrate anions A and B and the O"?
atom of one water molecule (w2). All these H bonds in
the crystal of I form an infinite 3D network involving
citrate anions A and B and water molecules w1 and

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 78 No. 6 2008
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w2, with large cells accommodating the 2.2.2-
dications. These 2.2.2-dications have with this network
only van der Waals interactions of the C—H---O type,
where H are the hydrogen atoms of the 2.2.2-dication
and O are the oxygen atoms of citrate anions and water
molecules wl and w2.

EXPERIMENTAL

Crystalline salt I was prepared as follows. Crystal-
line 2.2.2-cryptand and citric acid, taken in 1 : 2 molar
ratio, were dissolved in 70% aqueous ethanol, and the
mixture was allowed to evaporate at room temperature.
After the solvent evaporation, a colorless amorphous
glassy substance remained on the bottom. After storage
in an open vessel for 1.5 months, several colorless
transparent crystals of salt I were isolated with
difficulty.

The unit cell parameters were determined, and the
3D set of reflection intensities obtained, with an
Enraf-Nonius CAD-4 autodiffractometer (MoK, radia-
tion, graphite monochromator). Crystals of I are
monoclinic; (CisH3sN,06)**-2(CsH;,07)™ -1.65H,0,
M 790.46; a 21.660(4), b 12.810(3), ¢ 13.688(3) A,
B 93.32(2)°, V 3792(1) A*, Z 4, d.y. 1.385 g cm™,
wMokK,) 1.18 cm™, space group P2/c.

The intensities of 6184 reflections were measured
in the reciprocal space quadrant (20 < 47°) by the ®/20
scanning method from a single crystal of the size
0.22x0.47%x0.65 mm. When measuring the intensities,
we used a special mode in which the final scanning
was performed for all, including very weak, reflec-
tions. After exclusion of 301 systematically absent
reflections and averaging of the intensities of 279 pairs
of equivalent reflections hkO and kO (R, 0.023), the
working array of the measured F*(hkl) and o(F?)
included 5604 unique reflections.

The structure of I was solved by the direct method
using the SHELXS-97 program [11] and was refined
by the full-matrix least-squares method (with respect
to F?) using the SHELXL-97 program [11] in the
approximation of anisotropic thermal vibrations of all
nonhydrogen atoms. To refine the structure, we used
almost all the reflections from the working array
[including very weak reflections with I < 2c6(/)], except
several reflections for which the measured and
calculated F* values were poorly consistent.

By the direct method we obtained an ordered model
of the structure of I, but certain bond lengths, bond

CHEKHLOV

angles, and torsion angles in the 2.2.2-dication were
appreciably distorted. In the subsequent anisotropic
refinement of the structure of I, the four highest peaks
of Ap in the differential Fourier electron density
synthesis were unambiguously interpreted as the
second low-occupied positions C'", C'?, C", and C*
of the four nonhydrogen atoms of the 2.2.2-dication:
c' ¢ ", and C®. Then for these disordered
(double) positions, using the least-squares method, we
refined the coordinates and anisotropic thermal
parameters, and also their total occupancies (and the
occupancies of the disordered H atoms bonded to
them).

In the structure of I, the first two of three
independent positions O"', O™, and O™ of the oxygen
atoms of water molecules of hydration were initially
found by the direct method from the Fourier E-
synthesis. The third, low-occupied position O™ was
revealed in the 2.2.2-dication cavity from the
differential Fourier electron density synthesis in the
intermediate step of the anisotropic refinement of the
structure of I. Its parameters were refined in the
isotropic approximation.

In the structure of I, the majority of the H atoms of
the 2.2.2-dication and the H atoms of two water
molecules w1l and w2 were localized objectively in the
differential Fourier electron density synthesis in the
intermediate step of the anisotropic refinement. Then
the coordinates and isotropic thermal parameters of all
the H atoms of the 2.2.2-dication (including those at
disordered C atoms) were unambiguously calculated
using the rider model [11] in the course of the least-
squares refinement of the structure of I. The co-
ordinates of the H atoms of water molecules Boasr wl
and w2 were refined by the least-squares method,
imposing soft geometric restrictions of the DFIX type
[11] on short interatomic distances involving these
atoms. For the positions of the O and H atoms of water
molecules w1, w2, and w3, we also refined by the
least-squares method their occupancies, which for
water molecules wl and w2 appeared to be somewhat
lower than unity, and for w3, considerably lower than
unity (see the discussion above).

In the last cycle of the full-matrix refinement of the
structure of I, the absolute shifts of all the 568 varied
parameters were less than 0.001c. The final coor-
dinates and thermal parameters of the atoms in the
structure of I will be filed in the Cambridge Structural
Database [10].
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