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Allophanic acid (ureidoformic acid, NH,CONHCOOH) is a
fugitive compound which is known only in the form of its deriv-
atives. Ester-like organic allophanates have been prepared from
primary, secondary, and tertiary alcohols and from phenols,'
whereas inorganic allophanate salts are unstable and easily
hydrolyzed by H>O to CO», urea, and carbonate.? The relatively
stable carbonyl-O diprotonated form of allophanic acid was
directly observed in an investigation of the behavior of alkyl
allophanates in FSO3;H—SbFs/SO; (“Magic Acid”/SO,) solu-
tion,? and the kinetics and catalysis of consecutive reactions of
organic isocyanates with alcohols and phenols to give carbam-
ates, allophanates, and eventually isocyanurate were reported
recently.* Nevertheless, to our knowledge the literature hitherto
contains no crystallographic structural information on the elusive
allophanate ion.

Our interest in urea adducts stems from an attempt to generate
different inclusion topologies such as networks of intersecting
tunnels, two-dimensional interlamellar regions within a layered
structure, isolated cages, and systems of interconnected cages
by incorporating additional components into the construction
of the hydrogen-bonded host lattice. In the isomorphous
complexes (C2H5)4N+X_’(NH3)2C0’2H20 (X = Cl, Br, CN),
the quaternary ammonium cations are sandwiched between
puckered layers constructed from the cross-linkage of planar
zigzag chains of hydrogen-bonded urea molecules by the water
molecules and halide/pseudo-halide anions.’ The planar zigzag
- urea ribbon in this structure contrasts with the relatively open
framework in tetragonal urea® and the helical spirals in both
the urea channel adducts and the isomorphous series (n-C3H7)s-
N*X~-3(NH,),CO-H,0 (X =F, Cl, Br, I).” In the present work,
we report the preparation and structural characterization of two
novel crystalline complexes containing host lattices built of urea
molecules and allophanate ions:

(CH,),N"NH,CONHCO,*5(NH,),CO (1)
(n-C,;H,),N"NH,CONHCO, *3(NH,),CO 2)

Tetramethyl- and tetra-n-propylammonium hydroxides were
prepared from their corresponding chloride salts by reaction with
an equivalent molar quantity of sodium hydroxide in absolute
ethanol. Then each hydroxide and urea were mixed in a molar
ratio of 1:2, and a minimum quantity of water was added to
dissolve the solid. After compressed air was allowed to bubble
through the solution for about 3—4 h, the latter was subjected
to slow evaporation at room temperature in a desiccator charged
with Drierite to yield colorless crystals of the desired product,
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which was subjected to structural characterization by X-ray
crystallography .2

Since ethanol was present in the synthesis of both compounds,
the following reactions presumably took place:'

H,NCONH, =~ HNCO + NH,
EtOH + 2HNCO — NH,CONHCO,Et

Ethyl allophanate is formed from the concerted reaction in-
volving two molecules of isocyanic acid and one molecule of
the alcohol.’ In alkaline solution the allophanate anion NH,-
CONHCO;™ is formed by hydrolysis of the ester (Scheme 1),

Alternatively, the allophanate ion may be generated by
dehydration of the mixture of urea and bicarbonate according
to the mechanism depicted in Scheme 2.

In the three-dimensional network structure of 1 (Figure 1),
each tetramethylammonium cation is enclosed in a box-like
cage, the separation between individual pairs of opposite walls
being 8.3 (b/2), 7.8 (¢/2), and 7.3 R, respectively. The
allophanate ion and one independent urea molecule composed
of atoms C(1), O(1), N(1), and N(2) [hereafter conveniently
referred to as C(1)] are joined together by a pair of N—H---O
hydrogen bonds to form a structural unit. Repetition of this
unit in the a direction generates a hydrogen-bonded zigzag
ribbon, and a pair of adjacent ribbons related by an inversion
center are cross-linked by additional N—H-++O hydrogen bonds
to form a nearly planar double ribbon (Figure 2). Two such
double ribbons which are arranged parallel to the (010) plane
constitute a pair of opposite walls of the hexahedral cage.
Another pair of walls is formed by straight chains of urea
molecules extending along the [101] direction, which are derived
from two independent urea molecules C(2) and C(3) that are
alternately linked by hydrogen bonds in a head-to-tail mode
(Figure 3). The third pair of walls of the cage is constructed
from urea molecules C(4) and C(5).

The hydrogen-bonding scheme in 2 is shown in Figure 4.
Of the three independent urea molecules in the asymmetric unit,
two [C(2) and C(3)] are linked by a pair of N—H---O hydrogen
bonds while the third, namely, C(1), forms an O(1)-*-H—N(5)
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Figure 1. Crystal structure of (CH3)sN*NH,CONHCO, +5(NH;),CO
(1). Broken lines represent hydrogen bonds, and the enclosed (CH?),N*
ions are represented by large dotted circles.
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Figure 2. Perspective view of a portion of the planar double ribbon
built by urea molecules and allophanate ions in 1.
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Figure 3. Head-to-tail hydrogen-bonded chains extending along the
[101] direction and the shoulder-to-shoulder dimer of urea in the crystal

structure of 1.
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Figure 4. Perspective view of a portion of the wide urea—allophanate
ribbon linked by hydrogen bonds in (n-C3H;),N*NH,CONHCO,™*
3(NH),CO (2).

acceptor hydrogen bond with C(3). In this arrangement, atoms
N(6), O(1), and N(2), belonging to two urea molecules, lie on
the same side to match atoms O(4), N(8), and O(6) of the
allophanate ion, Together as a repeating unit, these four
~ molecules generate a wider ribbon running through the structure
in the direction of [110]. At a location which is one-half
translation away along the ¢ axis, there is a similar ribbon which
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Figure 5. Crystal structure of 2 showing two series of urea—allo-
phanate ribbons running parallel to the [110] and [110] directions and
their interlinkage by hydrogen bonds to form channels extending parallel
to the [101] direction.
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Figure 6. Molecular configuration and averaged dimensions of the
allophanate ion in 1 and 2. The standard deviations of individual bond
lengths and angles are 0.004 A and 0.3°, respectively.
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extends in the [110] direction, Finally, intermolecular hydrogen
bonding weaves these two crossed series of ribbons into a three-
dimensional framework containing open unidirectional channels,
as shown in Figure 5. A single columnar stack of well-ordered
(n-C3H7)4N* cations is accommodated in each channel, which
has an approximately elliptical cross section shape (Figure 5),
with effective major and minor axes of 5.2/2 and 6.0/2 A,
respectively.

The heretofore uncharacterized allophanate ion adopts a
planar configuration that facilitates the formation of an inter-
molecular N—H-:+O hydrogen bond (Figure 6). The relative
instability of the parent allophanic acid is consistent with this
hydrogen-bonded ring structure, as protonation at the exocyclic
carboxyl oxygen would result in an overall reduction of
m-electron delocalization,

In summary, we have shown that the allophanate ion can be
generated in situ and stabilized in the crystalline state through
hydrogen-bonding interactions with its nearest neighbors, and
that novel anionic host lattices can be constructed from urea
molecules and allophanate ions as building blocks, which readily
adopt different topologies for the accommodation of tetraalkyl-
ammonium ions of various sizes, By employing organic cations
as templates and suitable counteranions as ancillary host
material, with or without neutral molecules such as H,O as a
third component, the “lattice engineering” of new urea and
thiourea inclusion compounds by self-assembly may be further
explored.
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