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Abstract. The preparation and X-ray structure determinations of six complexes of urea and (O-n-butyl-
iso)uronium salts with crown ethers are presented. Urea forms isostructural 5:1 adducts with 18-crown-6
(1) and aza-18-crown-6 (2), in which two urea molecules are each hydrogen bonded to two neighbouring
hetero atoms of the macroring. The remaining urea molecules form two-dimensional layers alternating
with crown ether layers. In both complexes the macroring has the g*g*a ag™a ag™a g g a ag*a ag*a con-
formation with C; symmetry. In the solid 1:1 complex of O-n-butylisouronium picrate with 18-crown-6
(3) two types of conformations of the macroring were observed: the g*g*a aga ag*a ag"g™ ag a ag*a con-
formation with approximate C,,, symmetry and to a lesser extent the g*g*a ag™a ag*a g*g*a ag™a ag*a con-
formation with approximate C, symmetry. Both conformations allow the guest to form three hydrogen
bonds to the macrocyclic host. Three complexes of 18-crown-6 and uronium salts have been prepared and
characterized by X-ray crystallography. The 1:1 complexes with uronium nitrate (4) and uronium picrate
(5) both exhibit the same C, conformation and the same hydrogen bonding scheme as in the least
occupied form of the previous complex. A 1:2 complex with yronium p-toluenesulphonate (6) has a
different hydrogen bonding scheme (two hydrogen bonds per cation to neighbouring oxygen atoms of the
macroring) and a different conformation of the host molecule (the ag*a ag™a ag*a ag™a ag*a ag a con-
formation with almost Dsy symmetry). An atiempt o prepare a solid uronium nitrate complex with
diaza-18-crown-6 in the same way as the [8-crown-6-uronium nitrate (I1:1) complex did not yield the
expected result. Instead X-ray analysis revealed that the uronium ion is dissociated, resulting in the nitrate
salt of the diprotonated diaza crown ether (7).
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1. Introduction

Synthetic receptor molecules for urea are of practical importance for the selective
removal of urea in dialysis and could mimic the enzyme urease [1]. We are involved
in a study to use macrocyclic polyethers for this purpose, because during the past
decade it has been shown that such compounds are capable of forming complexes
with organic salts [2] and with neutral organic molecules [3].

* Author for correspondence.
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In one of the first papers on macrocyclic polyethers Pedersen [4] already reported
that urea increases the solubility of dibenzo-18-crown-6 in methanol. He suggested
that “there is some interaction”, but crystalline complexes of urea with the polyethers
could not be obtained. More recently, Vogtle et al. [3f] have reported a crystalline
complex of 18-crown-6 and urea (ratio 1:4), however without details about the
structure of such a complex [5].

In the complexation of urea, two aspects are of particular interest. Firstly, urea
would be a neutral guest molecule in the complex and although a number of com-
plexes of 18-membered crown ethers and neutral species have recently been reported
[6], the factors that determine their thermodynamic stabilities are virtually unknown
{7]. Secondly, the complexation of urea would be an example of a guest molecule
that has different functional groups in close proximity, that might interact with the
18-crown-6 macroring.

Previously we have reported complexation studies of benzo [8] and pyrido [9]
crown ethers with the guanidinium cation, which we used as a model compound
for the uronium cation (the two cations are isoelectronic). It was shown that crown
ethers with 27 or more ring atoms are suited to form encapsulated complexes with
the guanidinium cation.

In this paper we report the results of our work on the complexation of urea by
18-membered crown ethers. Furthermore, we have investigated the influence on the
complexation of locating a positive charge on the urea molecule, either irreversibly
by O-alkylation or by protonation (which is known to occur at the oxygen atom
[10]), which in solution represents a reversible process. Similar investigations on the
complexation of larger crown ethers with urea [11] and uronium salts [12] have been
published separately.

2. Experimental Section

The compounds were characterized by their '"H and '*C NMR, mass and infrared
spectra as well as elemental analyses. Melting points were recorded on a Reichert
mp microscope, the 'H NMR spectra on a Bruker 80 FT and a Varian XL-100
spectrometer in CDCl; with TMS as internal standard. Mass spectra were obtained
with a Varian MAT 311A mass spectrometer and IR spectra with a Perkin Elmer
257 spectrometer. Elemental analyses were carried out by the Elemental Analysis
Section of the Institute for Organic Chemistry, TNO, Utrecht, The Netherlands,
under the supervision of W. J. Buis.

2.1. STARTING MATERIJALS

Urea (Merck) was recrystallized from MeOH. O-n-butylisouronium picrate [13],
uronium nitrate [14] and uronium p-toluenesulphonate [15] were prepared according
to literature procedures. Uronium picrate was prepared by addition of 0.1 mol
picric acid to 0.1 mol urea dissolved in 2000 mL water and heated until a clear solu-
tion was obtained. After cooling the salt precipitated in fine crystalline needles. Mp
~150 °C.

18-Crown-6 was prepared according to Dale et al. [16] and purified by distillation.
Aza-18-crown-6 was prepared according to Maeda ef al. {17]. Diaza-18-crown-6
(Merck) was used without further purification.
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2.2. COMPLEXES

18-Crown-6: urea (I:5) complex (1). 366.6 mg (1.39 mmol) 18-crown-6 and 120.1
mg (2.00 mmol) urea were dissolved in a mixture of 2 mL methanol and 2 mL chloro-
form. The mixture was heated and after all crystals were dissolved, diethylether
was added until the mixture was slightly turbid. Upon cooling colourless crystals
were formed (177.7 mg). The crystals were recrystallized from methanol/ethyl
acetate giving 85.2 mg of the complex (37.7%). Mp 145-147 °C. Anal. Caled. for
C7H440, N 4: C,37.17; H, 7.86; N, 24.81. Found: C, 36.12; H, 7.88; N, 24.90.

Aza-18-crown-6: urea (1:5) complex (2). 200.0 mg (0.76 mmol) aza-18-crown-6
and 44.9 mg (0.75 mmol) urea were dissolved in a hot mixture of 1 mL methanol
and 2 mL chloroform. After addition of petroleum ether (60-80) until the mixture
became slightly turbid, white crystals precipitated upon cooling. Mp 127-130 °C.
Anal. Caled. for C;Hy450 0N C, 36.23; H, 8.05; N, 27.34. Found: C, 36.33; H,
8.22; N, 27.07.

18-Crown-6: O-n-butylisouronium picrate (I1:1) complex (3). 362.7 mg (1.05
mmol) O-n-butylisouronium picrate and 419.7 mg (1.59 mmol) 18-crown-6 were
dissolved in 0.5 mL hot methanol and 1 mL of chloroform. By careful addition of
3 mL diethylether, 382.3 mg of a yellow precipitate was formed which after recrystal-
tization from ethyl acetate gave 342.4 mg of the 1 : 1 complex (53.5%). Mp 95-97 °C.
Anal. Caled. for Cy3H36014N5: C, 45.32; H, 6.40; N, 11.49. Found: C, 45.30; H,
6.49; N, 11.48.

18-Crown-6. uronium nitrate (1 : 1) complex (4). To 147.7 mg (1.20 mmol) uronium
nitrate and 414.7 mg (1.57 mmol) 18-crown-6, dissolved in 0.5 mL hot methanol,
1 mL CHCI; was added followed by 3 mL of diethyl ether. 202.8 mg of a crystalline
compound was formed which upon recrystallization from methanol/ethyl acetate
gave 119.2 mg of the 1:1 complex (25.6%). Mp 88-91 °C. Anal. Caled. for C3H0-
OoN3:C,40.31; H, 7.55; N, 10.85. Found: C, 40.42; H, 7.52; N, 10.64.

18-Crown-6: uronium picrate (1 :1) complex (8). To a solution of 426.7 mg (1.61
mmol) 18-crown-6 and 291.0 mg (1.01 mmol) uronium picrate in 0.4 mL methanol
and 0.8 mL chloroform 2 mL diethyl ether was added, giving a yellow crystalline
precipitate {(309.1 mg). The complex was purified by recrystallization from hot
methanol/ethyl acetate. 286.0 mg of a yellow crystalline (1: 1) complex was isolated
(51.2%). Mp 128-130 °C. Anal. Calcd. for C\oH3;04Ns: C, 41.23; H, 5.65; N,
12.65. Found: C, 40.45; H, 5.48; N, 13.47.

18-Crown-6: uronium p-toluenesulphonate (I1:2) complex (6). To 230.0 mg (0.99
mmol) of uronium p-toluenesulphonate and 403.9 mg (1.53 mmol) 18-crown-6 dis-
solved in 2 mL hot methanol, 4 mL CHCIl; was added followed by 5 mL diethyl
ether. A white crystalline precipitate was formed which was carefully washed with
CCl, and after drying gave 282.3 mg of colourless crystals (78.2%). Mp 117-119 °C.
Anal. Caled. for CygH4014N4S,: C, 46.15; H, 6.59; N, 7.69; S, 8.80. Found: C,
46.19; H,6.62; N, 7.71; S, 8.60.
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Diaza-18-crown-6: HNO; (1 :2) (compound 7). 200.0 mg (0.76 mmol) of diaza-18-
crown-6 and 45.0 mg (0.75 mmol) uronium nitrate were dissolved in a hot solution
of 1 mL methanol and 2 mL chloroform. Diethyl ether was added until the mixture
was slightly turbid. 111.5 mg of a white precipitate was formed, which appeared to be
the dinitrate salt of diaza-18-crown-6. Mp 179-182 °C. Anal. Calcd. for C;H50,0Ny:
C,37.11; H, 7.15; N, 14.43. Found: C, 36.33; H, 7.12; N, 14.88.

2.3. X-RAY DIFFRACTION

X-Ray measurements were performed on a single-crystal diffractometer (Philips
PW1100) using the w-28 scanning mode. The most important data-collection param-
eters are presented in Table I. Measured intensities were corrected for the decrease
in intensity during data-collection, using the intensities of three standard reflections,
measured every hour.

The structures were solved by direct methods [18] and refined by full-matrix least-
squares [19], using reflections having an intensity greater than the estimated standard
deviation from counting statistics (and three times this deviation for complex 2). For
all complexes, except 3, all hydrogens could unambiguously be located from differ-
ence-Fourier maps. In the complex of aza-18-crown-6 with urea (2) the ring nitrogen
atoms are disordered. Difference-Fourier syntheses revealed all hydrogens attached
to the nitrogen atoms of urea and the carbon atoms of the ring. After inclusion of
these hydrogen atoms in the refinement a new difference-Fourier synthesis showed
two ‘half hydrogens’ in each independent ring, fixing the positions of the nitrogen
atoms In the ring. For the complex of 18-crown-6 with O-n-butylisouronium picrate
(3) part of the macroring was found to be disordered in an initial state of refine-
ment. It was possible to describe this disorder by attributing two different positions
for five ring atoms (O(14)—C(18) and O(14")—C(18"), see Table 1I), with occupan-
cies of 72.1% and 27.9%. In this part hydrogens could only be located for the highest
occupied state.

Parameters refined were the overall scaling factor, isotropic extinction parameter,
positional parameters of all atoms, anisotropic thermal parameters for heavy atoms
(including the lowest occupied ring atoms O(14’)—C(18’) in complex 3) and iso-
tropic thermal parameters for hydrogens. The weight for each reflection was taken to
be w={a(F,)+0.01| F,|}7%, where o(F,) is the estimated standard deviation of the
observed structure factor (F,) derived from counting statistics. Scattering factors for
heavy atoms were taken from International Tables for X-ray Crystallography [20]; for
H the scattering factor tables of Stewart, Davidson and Simpson [21] were used. No
absorption corrections were applied.

3. Results
3.1. COMPLEXATION OF UREA

Unlike similar experiments with alkylammonium salts [2a, 22], the equilibration of
aqueous solutions of urea with solutions of crown ethers (n < 18) in chloroform
did not result in a measurable transfer of urea from the aqueous to the organic phase.
However, when to a solution of 18-crown-6 and urea in hot methanol/chloroform
diethylether was added after cooling, colourless crystals precipitated that were re-
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crystallized from methanol/ethyl acetate. The material had a well-defined melting
range of 146-148 °C and analyzed correctly for an adduct of urea and 18-crown-6
in a ratio of 5:1 (complex 1). In a similar way a 5:1 complex of urea and aza-18-
crown-6 could be formed, which precipitated upon addition of petroleum ether
(60-80). The white crystals had a melting range of 127-130 °C ( complex 2). (Di)-
benzo-18-crown-6, dicyclohexano-18-crown-6 and crown ethers with less than 18
ring atoms, on the contrary, gave no solid adducts with urea using similar procedures.

Determinations of the thermodynamic stability constants of 1:1 complexes of
urea and 18-crown-6 in methanol by polarography has not provided accurate data,
but preliminary results indicate log K, values smaller than one [23].

3.2. COMPLEXATION OF O-#n-BUTYL-ISOURONIUM PICRATE

In view of the low thermodynamic stability of the neutral urea- 18-crown-6 (1:5)
complex we have investigated the effect of alkylation of urea. Previously, we have
described extraction experiments and dynamic 'H NMR studies of various crown
ether - S-rert-butyl-isothiouronium salt complexes [24]. Adducts with different host/
guest ratios could be obtained in the solid state. The X-ray structures of the per-
chlorate salt complexes with 18-crown-6 [25] (2:1 ratio) and with 1,3-xylyl-18-
crown-5 [24] (1:1 ratio) have been determined, revealing perching complexes, in
which the guests are hydrogen-bonded via two or three hydrogen bonds to the host,
with additional hydrogen bonds to the anions. Similar complexes can be expected
with alkylated urea salts.

The complex of O-n-butyl-isouronium picrate with 18-crown-6 was prepared
from a hot solution of 18-crown-6 and the salt in methanol. The complex was ob-
tained in 54% yield. 'H NMR Spectroscopy and elemental analysis proved that the
host/guest ratio was 1 : 1 (complex 3).

3.3. COMPLEXATION OF URONIUM SALTS

The complexation studies described above with O- (or S)-alkyliso(thio)uronium salts
have the advantage that the guest molecule in the complex can be studied by 'H
NMR spectroscopy. The disadvantage, however, is the increased size of the guest
molecule, which may be a hindrance in complexation. Another method considered
to enhance the stability of urea complexes is protonation of the guest, a method which
lacks the disadvantage of the former method. Protonation converts the urea in a
polyfunctional cation, isoelectronic with guanidinium, which is known to form well-
defined stoichiometric complexes with 18-crown-6 [26]. Therefore three complexes
of 18-crown-6 with uronium salts have been prepared and the interactions between
host and guest were determined by X-ray crystallography.

The complexes were prepared from hot methanolic solutions and analyzed
correctly for 1:1 molecular complexes in the cases of uronium nitrate (complex
4) and picrate (complex 5), and a | : 2 complex for the uronium p-toluenesulphonate
salt (complex 6).

When a mixture of diaza-18-crown-6 and uronium mtrate, dissolved in hot
methanol/chloroform, was treated after cooling with diethylether, a white solid
precipitated, which analyzed correctly for the dinitrate salt of diaza-18-crown-6
(compound 7). This result demonstrates that protonation of the polyether nitrogen
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atoms (with dissociation of the uronium cation) without complexation of the urea
formed is preferred over complexation of the uronium cation as observed in the
analogous experiments involving 18-crown-6.

3.4. X-RAY ANALYSIS

The crystal and molecular structures of the compounds 1-7 have been determined
by X-ray diffraction [27]. Stereoscopic ORTEP [28] views of the compounds,
including atom numberings, are presented in Figures 1-7, using 50% probability
ellipsoids for all non-hydrogen atoms. The radii of the hydrogen atoms have been
chosen arbitrarily. Positional and equivalent isotropic thermal parameters [29] of the
non-hydrogen atoms are collected in Table II. Torsion angles in the macrorings are
given in Table HI. H-Bond parameters are presented in Table I'V.

Table Il. Fractional co-ordinates® (x10?) and equivalent isotropic thermal parameters®? (x10%)
of the non-hydrogen atoms in the compounds®

Atom x/a y/b z/ Ugq
C(1) -605(1) 14112¢(2. 707(1) 31(1)
0(2; -1107(1; 128051 38301) 27(1)
C(3}) -1179(1) 11548(2) 829(1) 30(1)
C(4) -1683(1) 10248(2) 406 (1) 30(1)
0(5) ~1267(1) 9547(1) -6(1) 27(1)
C(6) -1706(1) 8291(2) -422(1) 3001
c{7) -131501) 7762(2) ~925(1) 30(1)
o(8) -5641(1) 7059(1) -584(1) 27(1)
C(9) -236(1) 6363(2) -1060(1) 30(1)

c(10) 5668(1) 7717(2) 4082(1) 41(1)

o(1il) 5150(1) 7097(1) 4418(1) 3601)

C(12) 4451(1) 6467(2) 3941(1) 45(1)

c(13) 3865(1) 6066(2) 4296(1) 45(1)

0(14) 3599(1; 7424(1) 4590(1) 38(1)

C(15) 3212(1; 8650(2) 4124(1) 43(1)

C(16) 2990(1) 9952(2) 4522(1) 41(1)

0(17) 3698(1) 10586(1) 4980(1) 30(1)

c(18) 3568(1) 11819(2) 5404(1) 41(1)

C(19) 1087(1) 7853(2) 1380(1) 20(1)

0(20) 1299(1) 7976(1) 2021(1) 21(1)

N(21) 1601(1) 7397(2) 1066(1) 28(1)

N(22) 336(1) 8139(2) 999(1) 28(1)

C(23) 5056(1) 7692(2) 6373(1) 22(1)

0(24) 5325(1) 7432(1) 7005(1) 23(1)

N(25) 5547(1) 7917(2) 6009(1) 32(1)

N(26) 4283(1) 7757(2) 6051(1) 33(1)

c(27) 3421(1) 6114(2) 7196(1) 21(1)

0(28) 3254(1) 7458(1) 6901(1) 23(1)

N(29) 2858(1) 5254(2) 7345(1) 30(1)

N(30) 4149(1) 5504(2) 7366(1) 28(1)

C(31) -2681(1) 8934(2) 2207(1) 21(1)

0(32) -2765(1) 7628(1) 1883(1) 23(1)

N(33) -2046(1) 9873(2) 2270(1) 27(1)

N(34) -3213(1) 9423(2) 2495(1) 28(1)

C(35) -636(1) 6865(2) 2161(1) 18(1)

IPH 6-1 vel 7 Bl
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Table Il - Continued

6
Atom x/a vb z/c Ueq
c(1) 3566(2) -1295(2) -4759(3) 26(1)
0(2) 4868(1) -755(1) -3487(2) 23(1)
Cc(3) 5802(2) -1644(2) -3821(3) 25(1)
Cc(4) 7163(2) -1024(2) -2471(2) 24(1)
0(5) 7179(1) -985(1) -818(2) 23(1)
C(6) 8457(2) -444(2) 518(2) 26(1)
c(7) 8419(2) -464(2) 2202(3) 26(1)
0o(8) 7543(1) 429(1) 2744(2) 24(1)
c(9) 7392(2) 373(2) 4280(2) 26(1)
C(10) 5744(2) 2323(2) 9836(2) 20(1)
0(1l1) 6939(1) 2279(1) 9754(2) 24(1)
N(12) 4897(2) 3007(2) 9096(2) 24(1)
N(13) 5440(2) 1644(2) 10691(2) 25(1)
C(14) 874(2) 3620(2) 4711(2) 20(1)
C(15) 2203(2) 4236(2) 5473(2) 21(1)
C(16) 2818(2) 4643(2) 4516(2) 20(1)
c(17) 2094(2) 4435(2) 2783(2}) 18(1)
c(18) 759(2) 3838(2) 2006(2) 20(1)
C(19) 161(2) 3439(2) 2973(2) 21(1)
C(20) 216(2) 3147(2) 5722(3) 27(1)
S(21) 2835(1) 4939(1) 1531(1) 18¢1)
0(22) 2153(1) 6056(1) 1211(2) 26(1)
0(23) 4249(1) 5379(1) 2570(2) 25(1)
0(24) 2576(1) 3791(1) -87(2) 27(1)
7
Atom x/a wh z/c Ueq
c(1l) 7175(1) ~796(1) 8749(2) 19(1)
N(2) 6934(1) ~259(1) 6886(2) 18(1)
c(3) 8043(1) 205(1) 6481(2) 22(1)
c(4) 7801(1) 541(1) 4513(2) 22(1)
0(5) 6928(1) 1506(1) 4127(1}) 19(1)
Cc(6) 6588(1) 1847(2) 2262(2) 22(1)
c(7) 5530(1) 2712(1) 1915(2) 22(1)
0(8) 4481(1) 2145(1) 2184(1) 19(1)
C(9) 3973(1) 1207(1) 887(2) 21(1)
N(10) 5049(1) 2239(1) -3053(2) 26(1)
0(11) 6123(1) 2180(1) -2159(2) 29(1)
0(12) 4517(1) 1231(1) -3609(2) 48(1)
0(13) 4527(1) 3255(1) -3343(2) 47(1)

2 Estimated standard deviations given in parentheses in units of the least significant digit.
b Defined according to Willis and Pryor [29].
¢ See footnote (a) of Table I.
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Table1ll. Torsion angles* {deg) in the macro-
cycles of the compounds

1

C(1)—0(2)—C(3)—C4) ~176.9(1)
0(2)—C(3)—CH—0(5) 66.7(1)
C(3)—C4)—0(5)—C(6) 179.7(1)
C{@)—0(5)—C(6)—C(7) 170.9(1)
O(5)—C(6)—C(7)—0(8) 64.9(1)

C(6)—C(7)—O(8)—C(9) 172.3(1)
C(7)—O0(8)—C(9)—C(1)” 170.2(1)
O(8)—C(9)—C(1)"—O0(Q2)” -59.3(1)
CO—C(1y'—0Q) ' —C3Y” -61.2(1)
C(10)—0(1 1)—C(12)—C(13) ~171.1(1)
O(1 N—C(12)—C(13)—0(14) 63.2(1)
C(12)—C(13)—0(14)—C(15) 60.4(2)
C(13)—0(14)—C(15)—C(16) ~179.3(1)
O(14)—C(15)—C(16)—0(17) 62.8(1)
C(15)—C(16)—O(17—C(18) -178.5(1)
C(16)—0(17)—C(18)—C(10)” 173.6(1)
O(17)—C(18)—C(10y"—O(1 1) 62.1(1)
C(18)—C(10)"—O(1 1) —C(12)” 173.1(1)
2
C(H—O0Q2)—C(3)—C(4) ~176.1(2)

0(2)—CB3)—C#)—0(5) 64.9(2)
C(3)—C(4)—O0(5)—C(6) 179.3(2)
CA—O0(5)—C(6)—C(7) 171.9(2)
0(5)—C(6)—C(7)—ON(8) 61.8(2)

C(6)—C(T)—ON(8)—C(9) 168.6(2)
C(7)—ON(8)—C(9)—C(1)” 174.6(2)
ON@B)—C(9)—C(1)"—OQ2)” ~56.1(2)
COI—C(1y—OQ2)'—C3Y’ ~61.7(2)
C(10)—ON(1 1)—C(12)—C(13) ~176.3(2)
ON(11)—C(12)—C(13)—O0(14) 60.3(2)
C(12)—C(13)—0(14)—C(15) 59.6(2)
C(13)—0(14)—C(15)—C(16) ~178.4(2)
O14)—C(15—C(16)—0(17) 61.7(2)
C(15)—C(16)—O0(17)—C(18) ~179.8(2)
C(16)—0(17)—C(18)—C(10y” 175.1(2)

O(17)—C(18)—C(10)"—ON(11)" 58.8(2)

C(18)—C(10y'—ON(i 1y"—C(12)” 169.4(2)
3
C(1)—0R2)—C3)—C4) 169.6(1)

0@2)—C3)—C#)—005) 66.9(1)

C(B3)—C(4)—0(5)—C(6) -170.4(2)
C(4)—0(5)—C(6)—C(7) ~177.1(1)
0(5)—C(6)—C(7)—O0(8) -61.4(1)
C(6)—C(7)—0(8)—C(9) ~73.8(2)
C(7)—O@®)—C(3)—C(10) ~172.9(1)
0(8)—C(9)—C(10)—O(11) ~72.4(1)

JOSW.H. M. UITERWUK ET AL.

CO)—C(10)—0(11)—C(12) 172.8(2)
C10)—O0(11)—C(12)—C(13) 176.5(1)
O(1 )—C(12)—C(13)—O(14) 76.1(3)
C(12)—C(13)—0(14)—C(15) 177.9(2)
C(13)—0(14)—C(15)—C(16) 72.2(4)
O(14)—C(15)—C(16)—0(17) 61.8(4)
C(15)—C(16)—0(17)—C(18) ~174.5(5)
C(16)—0(17)—C(18)—C(1) ~179.3(2)
O(17)—C(18)—C(1)—0(2) -67.3(3)
C(18)—C(1)—02)—C(3) 173.6(5)
O(1 1)—C(12)—C(13)—0(14") 59.5(8)
C(12)—C(13)—O0(14")—C(15') ~175.1(5)
C(13)—0(14")—C(15)—C(16") 176.8(8)
014" )—C(15")—C(16")—0(17") ~61.2(9)

C(15")—C(16")—0(17")—C(18") —66(1)

C(16")—0(17")—C(18")—C(1) ~175.0(5)
O(17)—C(18')—C(1)—0(2) ~73.7(6)
C(18")—C(1)—02)—C(3) 158(1)

4
C(1)—02)—C(3)—C4) 82.7(2)
0(2)—C3)—C#)—0(5) 62.002)
C(3)—C(#)—O0(5)—C(6) 176.2(2)
CA—0O(5)—C(6)—C(7) 178.9(2)
O(5)—C(6)—C(NH—O(8) ~742(1)
C(6)—C(7)—O(8)—C(9) ~175.1Q2)
C(71)—O(8)—C(9)—C(10) ~176.7(1)
0(8)—C(9)—C(10)—0(11) 74.5(1)
CO)—C10)—0(11)—C(12) ~178.5(2)
C10)—O(11)—C(12)—C(13) 82.6(2)
O(11)—C(12)—C(13)—0(14) 62.5(2)
C(12)—C(13)—0(14)—C(15) 174.1(2)
C(13)—0(14)—C(15)—C(16) 177.5(2)
O(14)—C(15)—C(16)—0(17) ~72.6(2)
C(15)—C(16)—0(17)—C(18) ~172.7Q2)
C(16)—0(17)—C(18)—C(1) ~174.6(2)

O(17)—C(18)—C(1)—0(2) 72.8(1)

C18)—C(1)—0(2)—C(3) ~176.4(2)
5
C(1)—OQ)—CB3)—C(4) 76.4(2)
0(2)—C(3)—C(@)—0(5) 63.7(2)
C3)—C(4)—O(5)—C(6) 175.7(2)
C4)—O(5)—C(6)—C(7) ~172.7(2)
O(5)—C(6)—C(7)—O(8) ~73.0Q2)
C(6)—C(7)—0(8)—C(9) ~178.9(2)
C(7)-0(8)—C(9)—C(10) ~174.9(2)
O(8)—C(9)—C(10)—O(1 1) 68.9(2)
C(9)—C(10)—O(11)—C(12) ~173.7Q2)
C10)—O(1 1)—C(12)—C(13) 83.2(2)
O H—C(12)—C(13)—0(14) 70.4(2)
C(12)—C(13)—0(14)—C(15) 176.0(2)
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Table 1l - Continued

C(13)—0(14)—C(15)—C(16) 174.5(2) 7

O(14)—C(15)—C(16)—0(17) ~71.9(2)

C(15)—C(16)—0O(17)—C(18) -176.2(3) C(1)—N(2)—C(3)—C(4) 170.8(1)

C(16)—0(1 7)—-C(18)—C(1} -173.4(2) NQ2)—C3)—C@)—O0(5) 60.5(1)

o1 —C(18)—C(1H—0(2) 71.02) C(3)—C{4)—0(5)—Ct6) -176.9(1)

C{18)—C({H—O02)—C(3) -175.12) C{4)—0(5)—C(6)—C(7) 170.9(1)
O(5)—C(6)—C(7)—0O(8) -64.6(1)

6 C(6)—C(7)—0O(8)—C(9) -68.1(1)

C(NH—0O@B)—C(9)—C(1)” -174.8(1)

C(1H—02)—C3)—CH) 178.9(1) O@®)—C(HO)—C(1)"—NE2)y” -61.1(1)

0(2)—C(3)—C(4)—0(5) 68.7(1) CO)—C(1)Y —N(@Z)Yy —C(3)” -178.0(1)

C(3)—C(4)—0(5)—C(6) 178.2(2)

C(4)—0(5)—C(6)—C(7) -178.5(1) a See footnote (a) of Table IL

O(5)—C(6)—C(7)—0(8) -65.6(1) b See footnote (a) of Table L.

C(6)—C(7)—0(8)—C(9) 175.7(1)

C(7)—0(8)—C(9)—C(I)" -178.3(1)

O(8)—C(O)—C(1)"—02)” 69.5(1)

CO)—C(1)" -0y —C(3)” -176.0(1)

The crystal structure of the 1:5 adduct of 18-crown-6 with urea (1) is best ex-
plained as consisting of layers of 18-crown-6 molecules alternating with layers of urea
molecules (Figure 1). The asymmetric unit consists of two half 18-crown-6 molecules
(the other halves are generated by a centre of symmetry) and five urea molecules, of
which three (with central C-atoms 27, 31 and 35) are forming the urea layer, held
together by a 2-dimensional hydrogen bonding network. The remaining two urea
molecules (central C-atoms 19 and 23) form links between both layers, each of them
forming two hydrogen bonds to an 18-crown-6 molecule (and thus forming an 18-
crown-6: urea complex with a 1:2 ratio) and two to the urea layer. The urea oxygen
atoms O(20) and O(24) accept four and three hydrogen bonds resp. from the urea
layer. All urea hydrogens are used in hydrogen bonding (see Table 1V). Because both
crown units accept two hydrogen bonds at neighbouring oxygen atoms at each side of
the ring, this can be denoted as a ‘double 1,2’ hydrogen-bond scheme. Although the
two crown units are different from the crystallographic point of view, the conforma-
tions of both are the same (the ‘biangular’ conformation with torsion code g*¢*a ag™a
ag a g g aagta agta, see Table I1]).

The 1:5 adduct of aza-18-crown-6 and urea (complex 2) is isostructural with
complex 1. This implies disordering because the aza-18-crown-6 ring is not centro-
symmetric. The ring nitrogen atom can occupy two positions related by a centre of
symmetry. Mean deviations in positions between corresponding atoms in complexes
1 and 2 are only 0.044 A for non-hydrogen atoms and 0.077 A for hydrogens. The
deviations between non-hydrogen atoms are largest for atoms O(2) and O(11) in
complex 1 vs atoms ON(2) and ON(I1) in complex 2 (being the average of half an
oxygen and half a nitrogen atom) and for atoms close to these. The ring nitrogens are
used as acceptors for hydrogen bonds (see Figure 2).

The hydrogen bonding scheme in the 1:1 complex of O-n-butylisouronium
picrate with 18-crown-6 (3) is different from the previous ones (Figure 3a). Three of
the four amino hydrogens are hydrogen bonded to the crown ether, while one hydro-
gen bond is formed between the fourth hydrogen and the picrate anion. By analogy
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Table [V. Hydrogen-Bond parameters? for the compounds®

Donor Accep- Distance Distance  Angle Donor Accep- Distance Distance  Angle
atom: D tor DA H---A D—H---A atom: D tor D--A H---A D—H:---A
atom: A (A) A) (deg) atom: A (A) A) (deg)
1 3
N2 0(28) 29122) 1.98(2) 172(2) N@1) O(8) 2.888(2) 2.08(2) 161(2)
N2 0(2) 2.848(2)  2.04(2) 174(2) N@1) 0(33) 2.8392) 2.01(2) 172(3)
N(22) 0O(8) 3.282(2)  2.55(2) 154(2) N(22) 0(5) 3.003(2)  2.29(2) 136(2)
N(22) 0(36) 3.057(2) 2.18(2) 165(2) N(22) O(8) 3.218(2) 2.46(2) 141(2)
N(25) 0(32) 30072y 2.13(2) 167(2) N(22) o7 2.997(4)  2.16(3) 164(2)
N(25) ol D 3214(2) 2.46(2) 150(2) N{22) O(17)  2.842(8) 1.98(3) 17214)
N(26) 0(14) 2.893(2) 2.07(2) 163(2)
N(26) 0(28) 2.932(2)  2.05(2) 177(2) 4
N(29) 0(20) 3.0302) 2.13(2) 175(2)
N(2%) 0(32) 2913(2)  2.12(2) 158(2) 0(20) 024) 2.482(2) 1.54(3) 166(3)
N(@30) 0(24) 2.884(2) 2.00(2) 173(2) N@21) 0(5) 3.177(2)  2.37(3) 142(2)
N(30) 0(24) 2.922(2) 2.08(2) 173(2) NQED o(1n 2.932(2) 2.08(3) 168(3)
N(33) O(36) 3.018(2) 2.16(2) 169(2) N(22) 0(2) 2.839(2) 1.98(3) 168(3)
N(33) 0(20) 3.056(2) 2.26(2) 153(2) N(22) 0@23%5) 3.0912)  2.23(3) 177(3)
N(34) 0O(28) 2.889(2) 2.07(2) 172(2)
N(@34) 0(24) 2.922(2) 2.07(2) 171(2) 5
N@E7) O20) 2.931(2) 2.07(@2) 172(2)
N@7) O(36) 2.925(2) 2.10(2) 160(2) 0(20) 0Q29) 2.560(3) 1.73(4) 165(4)
N(38) G(20} 2.985(2) 2.14(2) 167(2) NED O 2.801(3) 1.89(4) 169(4)
N@38) 0(32) 2.920(2) 2.08(2) 173(1) N@ZD 0{29) 27513y  2.06(3) 141(3)
N2 o3 3.031(4)  2.32(3) 145(3)
2 N(22) O(5) 2995(3)  2.23(3) 152(3)

N(22) o) 2.828(3)  1.94(3) 170(3)

N2 0(28) 2.923(2) 2.01(@2) 1712)

NEZI)  0Q) 2858(2)  1.95Q)  179(2) 6

N@22)  ON@®) 3.273(2) 2433)  164(2)

N(22)  O36)  3.034(2) 2.193) 1672 O(l1y  0O@2)  2531() 1.593)  165(3)
NE@S)  O(32)  3.004Q) 2073) 171Q) N(IZ)  0@3)  2972Q2) 2003)  1733)
N@ZS)  ON(1) 32173) 239Q)  162() N(2)  O@4)  2870Q) 2.023)  174(3)
N@6)  O(14)  2.898(2) 2.003)  165() N(3)  0@) 2936(2)  2.07(3)  166(3)
N@26) O@8)  2.9452) 2.05(3) 177Q) N(3)  0@®) 2.996(2)  2.12Q2)  t73(3)
NQ9)  O(0)  3.028Q2) 2.143) 171

N@OY  O(32)  2.509Q) 2.15Q)  157(2) 7

N(G0)  O@4)  2884(2) 2.02Q)  174(2)

NGO)  0@4) 2921 2043 177Q) N(2) O(ll)  2926Q2) 2.1202)  148(2)
N33 036) 3.0260)  2.15(3)  170Q) N@) 0O(12)  3.166(2) 2.33(Q)  153Q2)
NG3) 0Q0)  3.041Q2) 2.20Q3)  156(2) N@Y©  0O(12)  2810(2) 2.00Q2)  150Q2)
NG4)  O(28)  2.894(2) 2.07(3)  169(2) NQY 0®) 2.813(2)  2.4902)  102(1)
NG4)  0@4)  2.928(2) 2.04(3) 173D

NGT)  0Q0)  2.9422) 207 171Q) 2 See footnote (a) of Table Ii.

N@7 0(36)  2920Q) 2.13Q2)  163(2) b See footnote (a) of Table I.

)
N(38) 0(20) 2.9722)  2.152) 168(2)
) 0@32) 29212) 2.05(2) 170(2)




PREPARATION AND X-RAY STRUCTURES: UREA AND (O-ALKYLISO)URONIUM SALTS 93

Fig. 1. Stereoview of the 18-crown-6 - (urea)s complex (1) showing the atom numbering. Atoms with equal
numbers are symmetry-related. Only the environment for one side of the centrosymmetric macrorings

is shown.

Fig. 2. Stereoview of one macroring and one hydrogen-bonded guest molecule of the aza-18-crown-6 -
(urea)s; complex (2). The urea molecule at the bottom side is not shown. Polyether nitrogen/oxygen atom
positions are indicated. The atom numbering is according to the numbering in the isostructural complex 1.

with complexes 1 and 2, the bonding between cation and crown can be denoted as
‘single 1,2,4’ complexation. As explained in the experimental section, the crystal
structure is composed of a mixture of 72.1% molecules with the spatial arrange-
ment as depicted in Figure 3a (macroring with torsion code g¥g¢*a ag™a ag*a ag™g~
ag-a ag*a), and 27.9% molecules with a slightly different conformation of the macro-
cycle (torsion code g*g*a ag a ag'a g'g*a ag a ag*a). Both conformations of the
ring, including the hydrogen bonds to the cation are depicted in Figure 3b. The atoms
with different coordinates in both conformations are denoted without prime for the
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(b)
Fig. 3. (a): sterecoview of the [8-crown-6.0O-n-butylisouronium picrate complex (3) in the predominant
conformation, showing the atom numbering. (b): stereoview of the two partly occupied conformations of the -
macroring {occupation 72.1%: solid lines, occupation 27.9%: open lines). For the sake of clarity only
the OC{NH, ), -part of the cation is shown.

highest occupied and with prime for the lowest occupied conformation in Tables
I1-1V (atoms O(14)—C(18) and O(14")—C(18"), resp.).

The X-ray analysis of the 1 :1 complex between 18-crown-6 and uronium nitrate
(4) shows that this complex has the same hydrogen bonding scheme as found for
complex 3 (Figure 4). Three of the four amine hydrogens are hydrogen bonded to the
macroring (‘single 1,2,4’ complexation) and the fourth to the anion. The hydrogen
at the oxygen of the uronium ion is involved in a short bond (2.482 A) to a second
nitrate anion. The macroring has the same conformation as the lowest-occupied
conformation in complex 3 (torsion code g*g*a ag a ag*a g*g*a ag a ag*a).

The structure of the 1:1 complex of 18-crown-6 with uronium picrate (5) reveals
the same complexation characteristics as found in complex 4, i.e., ‘single 12,4’
complexation between cation and crown, whereas the fourth amino hydrogen and the
hydrogen at the oxygen are used in hydrogen bonding with the anion (Figure 3).
The conformation of the crown is also identical to the one in complex 4 (torsion
code g¥g*a aga ag*a g*g*a aga ag*a). Therefore, the choice of anion seems to
have little influence on the complexational and conformational properties of the
crown-cation moiety.
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Fig. 4. Stereoview of the 18-crown-6. uronium nitrate complex (4) showing the atom numbering. The
two anions are symmetry-related.

Fig. 5. Stereoview of the 18-crown-6 - uronium picrate complex (5) showing the atom numbering.

That affairs are not as simple, however, is shown by the complexation between
18-crown-6 and uronium p-toluenesulphonate (6), as not only the conformation
adopted and the hydrogen bonding scheme involved are different, but even the
stoichiometry changes to a 1:2 ratio (see Figure 6). The asymmetric unit consists
of one half crown unit (the other half is generated by a centre of symmetry), with
one guest molecule. Only one -NH, group per uronium ion is hydrogen bonded to
the crown, to next-nearest neighbour oxygen atoms (‘double 1,3’ complexation). The
other three uronium hydrogens form hydrogen bonds to the anions, including again
a short O—H---O contact (2.531 A). The crown ether molecule has the well-known
conformation with almost Dy symmetry (torsion code ag¥a ag™a ag’a ag-a ag’a
ag-a). The same complexation scheme and the same Ds3y conformation are also
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Fig. 6. Stereoview of the 18-crown-6-(uronium p-toluenesulphonate), complex (6) showing the atom
numbering. Only the environment at one side of the centrosymmetric macroring is shown. The two anjons
are symmetry-related.

found for the 1:2 complex between 18-crown-6 and S-tert-butylisothiouronium per-
chlorate [25].

To study the influence of amino groups in the polyether rings on complexation
of uronium ions with crown ethers, a complex analogous to complex 4 was planned,
using diaza-18-crown-6 as polyether. X-Ray analysis revealed, however, that the
resulting solid consists of the dinitrate salt of the diprotonated macroring (compound
7). This means that the uronium cation dissociates on complexation, thereby
protonating the host. Whereas the urea molecules formed are not part of the complex
precipitated, the nitrate anions are, via three hydrogen bonds per anion to two amine
hydrogen atoms of the host (see Figure 7). As the hydrogen bonds are donated from
the host instead of from the guest, the resulting hydrogen-bonding scheme can be
described as an ‘inverted’-double-1,4 complexation. The conformation adopted by the
macroring is again the “biangular” g*g*a ag™a ag~a g7g"a ag*a ag*a conformation.
It is assumed that this conformation is favoured over the D34 conformation, adopted
by the free diaza-18-crown-6 molecule [30], because in the “biangular” conforma-
tion all four amine hydrogens are equally directed to points above and below the
macrocycle, thus being able to form hydrogen bonds to two nitrate anions (Figure 7).
In the D3y conformation this would be impossible, as one amine hydrogen per
nitrogen atom would be directed almost to the centre of the ring and the other almost
perpendicular to it. Each amine hydrogen is not only involved in an intermolecular
hydrogen bond to a nitrate anion, but also in an intramolecular ‘hydrogen bond’
with a neighbouring oxygen atom (not drawn in Figure 7).
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Fig. 7. Stereoview of the diaza-18-crown-6-(HNO;), compound (7) showing the atom numbering. Only
the environment at one side of the centrosymmetric macroring is shown.

4. Discussion
4.1. COMPLEXATION SCHEMES

(Aza-)18-crown-6 is able to form different types of complexes with similar guests.
Both 1:2 and 1:1 host/guest adducts are possible and the adducts formed may
or may not be separated by interspatial layers of guest molecules, not bonded to host
molecules.

A literature survey shows the same trends. Recently, some X-ray structure deter-
minations of complexes of (diaza-)18-crown-6 with neutral urea-like guests have
been reported [6a-6e, 3¢]. A similar division according to complexation type among
these complexes can be made. Firstly, the 1:4 complexes of 18-crown-6 [6a] and of
diaza-18-crown-6 [6e] with thiourea are both comparable with the structures of
complexes 1 and 2: the polyethers form 1:2 adducts with the guest molecules via a
similar hydrogen-bonding scheme as above (in the diaza-complex, the nitrogen atoms
are used as hydrogen-bond acceptors, like in complex 2), whereas the remaining
thiourea molecules form layers in between, held together by hydrogen-bond bridges.
Secondly, 18-crown-6 forms solid 1:2 complexes with thiourea [6b], N,N’-dimethyl-
thiourea [6¢] and with m-chlorophenylurea [6d], with a 1:2 polyether/guest ratio,
without interadjacent layers. Additionally, 18-crown-6 can form a 1:1 complex with
N-methylthiourea [3e] in the crystalline state. However, effectively the polyether
also forms a 1:2 adduct with the guests, as each guest bridges between two macro-
rings, thus forming infinitely long chains.

Surprisingly, the complex formed between 18-crown-6 and guanidinium nitrate,
as reported by Truter and coworkers [26], has a structure completely different from
the analogous complex between 18-crown-6 and uronium nitrate (complex 4). First-
ly, the guanidinium nitrate forms a 2:1 complex with 18-crown-6 compared with
the 1:1 uronium nitrate/18-crown-6 ratio in complex 4. Secondly, only one hydro-
gen bond between the guanidinium ion and the crown was found (and a second one
to the anion).

4.2. CONFORMATIONAL FLEXIBILITY OF THE MACRORING

Along with the different complexation schemes different conformations of the macro-
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ring are found. In the seven compounds studied four conformations are encountered:
the ‘biangular’ g*¢*a ag™a ag™a g~g"a ag*a ag*a conformation (complexes 1 and 2
and compound 7); the ‘C,,’ conformation (g*g*a ag-a ag*a ag™¢~ ag~a ag*a, highest
occupied conformation of complex 3); the ‘C,’ conformation (g*g*a ag™a ag*a g*g*a
ag a ag*a, lowest occupied conformation of complex 3, and complexes 4 and 3); and
the ‘D34 conformation (ag*a ag™a ag¥a ag™a ag*a ag~a, complex 6). In the structures
reported in the literature, mentioned above, the same conformations are found: the
‘biangular’ conformation (in the 1:4 thiourea complexes [6a, 6e], the m-chloro-
phenylurea complex [6d], one independent macroring in the N-methylthiourea
complex [3e], and in the guanidium nitrate complex [26]) and the D3y conforma-
tion (in the 1:2 thiourea complex [6b], in the complex with N,N’-dimethylthiourea
[6¢], and in the second independent macroring in the N-methylthiourea complex
[3e]).

All these conformations, except the C, one, can be viewed as ‘ideal’ crown ether
conformations, i.e., superimposable on the diamond lattice, probably of low energy
[31]. The simultaneous occurrence of the C, and the C,, conformations in complex
3 shows that the C, conformation, though not ideal, is closely related to an ideal
conformation. Likewise, the fact that the C, conformation is adopted in complex
4, whereas the macroring in the closely related guanidinium nitrate complex with
18-crown-6 adopts the ‘biangular’ conformation [26], shows that the balance between
these two conformations (and hence the complexation ratio of 1:1 or 1:2 in these
complexes) must be very subtle. A molecular mechanics study by Uiterwijk et al.
indeed showed that these three conformations have almost identical energies {32].
Moreover, the four conformations encountered in the seven compounds 1-7 are the
lowest-energy conformations among hundreds of different conformations in polar
environments (i.e., in the complexes) [32].

Conclusions

The complexation scheme of 18-membered crown ethers with urea and urea-deriva-
tives depends on several factors, including: (1) the nature of the guests (neutral or
charged); also, for charged guest complexes on (2) the way of introducing the charge
(protonation or alkylation), and (3) the type of the anion involved.

Although the macroring in the different complexes may show some flexibility, the
conformations encountered are closely related to one another and are clearly suited
for this type of complexation.
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