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According to a long held tradition, organic chemistry started
in 1828 when Friedrich Whder heated ammonium cyanate to
obtain urea. Even the Encyclopaedia Britanhitates: “Wdler's
classical experiment (1828) was the thermal conversion of
ammonium cyanate into urea

NH,NCO """~ H,N-CO-NH,

From this experiment Whder concluded that heat had transformed
ammonium cyanate into urea.”

If this account were true, the above reaction would qualify as
the very first solid-state chemical reaction. In fact, however,
Wohler did not obtain urea by heating ammonium cyanate. His
1828 papermakes it quite clear that he was actually trying to
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Figure 1. Crystal structure of ammonium cyanate viewed almost along
the b-axis [N, large open circles; H, small open circles; C, filled circles;
O, shaded circles]. The dashed lines represent hydrogen bord®(H
2.07 A; N=H---0, 177; N—H, 0.98 A).

until now. We therefore decided to take up the study of this
reaction anew-to prepare solid ammonium cyanate, determine
its crystal structure, and obtain information by modern methods
about its transformation to urea. This paper reports our first
explorations in this area.

Ammonium cyanate was synthesized by ion exchange between
tetraethylammonium cyanate and ammonium thiocyanate with use
of a modified version of the procedure described by Dieck et
al.”8The sample was collected as a microcrystalline powder, from
which we have been unable to obtain single crystals. The powder
X-ray diffraction patterf was indexed in terms of a tetragonal
unitcell: a=b=5.15A,c=5.56 A, space group4/n. With
two formula units NHNCO per unit cell, the linear NCOanions
must lie along 4-fold axes and the N atom of the ammonium
cation must sit on a site of gymmetry. Rietveld refinement with
the GSAS program packadewith standard geometric restraints

prepare ammonium cyanate, first by combining cyanic acid with applied to bond lengths and isotropic displacement parameters
ammonia in solution, then by the reaction of silver cyanate with refined for all atoms (assuming a common value for all non-

ammonium chloride solution, and then again by reacting lead hydrogen atoms), led to the structure shown in Figure 1. The
cyanate with ammonia. All of these reactions led not to the desired parameters listed in Table 1 give an excellent fit to the powder

product ammonium cyanate but to a crystallizable white substancediffraction profile (Figure 2).

that Wihler was able to identify as urédt was only two years
later that Liebig and Wialer* succeeded in preparing ammonium
cyanate as a fluffy, white powder by the direct union of dry

Each NH* cation is surrounded by eight NCGanions (see
Figure 1). The local geometry around the Nttation is that of
a slightly distorted cube, with O and N atoms at alternate corners.

ammonia and cyanic acid. In a sealed vessel under ammonia, théeach H atom engages in a nearly linearN--+-O hydrogen bond
powder could be kept essentially unchanged; open to the (H---O, 2.07 A; N-H:--O, 177). There are no analogous

atmosphere, it transformed in 2 days into urea.

N—H---N interactions. Although the two ends of the NC@nion

The transformation of ammonium cyanate into urea thus takes have similar scattering power, the assignment of the O and N
place both in solution and in the solid state. It has been studied atoms is readily made on bond distance criteriar (T 1.278 A;

by many authors for more than a cent@riluch information

about the rate and equilibrium in solution has been accumulated,

C—N, 1.172 A) corresponding to the valence bond description

(7) Dieck, R. L.; Peterson, E. J.; Galliart, A.; Brown, T. M.; Moeller, T.

but details of the reaction in the solid state are sparse. The carefulnorg. synth1976 16, 131.

study of Walker and Wood a century &was necessarily

(8) The ion exchange reaction was conducted under normal laboratory

restricted by the limited choice of methods then available, and conditions in standard glassware and kept under a nitrogen atmosphere rather

han a drybox (as described in ref 7). Furthermore, prior to drying in vacuo,

little seems to have been done '_n this area since then. Thus, eVerﬁhe filtered solid was washed twice with ether to remove traces of acetonitrile.
the crystal structure of ammonium cyanate has been unknownin earlier attempts to crystallize ammonium cyanate from dioxane solution
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we obtained single crystals of a 1:1 urea:dioxane cocrystal (monodiric,
6.751 A,b = 4.547 Ac = 12.634 A, = 95.145, space groufp2/c, Z =
2), the structure of which will be reported elsewhere.
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Table 1. Fractional Coordinates for the Crystal Structure of
Ammonium Cyanate at Ambient TemperaturRtn; a=b =
5.1431(1) A,c = 5.5552(2) A; Origin at 1.

atom X y z Us/A2?
N(L) 0.25 0.75 0 0.02(1)
H(5) 0.245(1) 0.908(1) 0.100(1) 0.03(1)
o) 0.25 0.25 0.296(1) 0.02(1)
c@) 0.25 0.25 0.526(1) 0.02(1)
N(4) 0.25 0.25 0.737(1) 0.02(1)
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Figure 2. Experimental ¢ marks), calculated (solid line), and difference
(bottom) powder diffraction profiles for the Rietveld refinement of
ammonium cyanateRy, = 6.4% andR, = 4.7%). Reflection positions
are marked.

N=C-O". Reorientation of the Nt cation to point the N-H
bonds toward the other four corners of the cube (to formHN
--N interactions) gives significantly worse agreement with the
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Figure 3. Synchrotron X-ray powder diffractogramé & 1.300 A,
calibrated against Si standard) recorded for ammonium cyanate®& 50

as a function of time (bottom to top, with recording time per diffractogram
ca. 30 min). Selected peaks characteristic of ammonium cyanate (subscript
ac) and urea (subscript u) are marked.

ammonium cyanate transforms completely to microcrystalline
urea. There is no evidence for any crystalline intermediate phase
during the transformation, and no significant amounts of amor-
phous material are produced. The loss of starting material is
approximately zeroth order, the rate constant increasing with
temperature. On melting, the reaction goes almost instantly to
completion.

Indeed, differential scanning calorimetry shows that a strongly
exothermic process, accompanied by melting, occurs between 80
and 90°C, depending on the scanning r&td.hermogravimetric
analysis shows loss of volatile material (presumably ammonia)
in this region. The sudden rate increase on melting suggests that
the solid-state reaction is not topochemitaf! In any case,
according to the standard mechanism involving initial proton

powder diffraction data. In contrast to the observed preference transfer from NH" to the N of NCO', dynamic orientational

for N—H---O hydrogen bonding in ammonium cyanate, cyanic
acid exists overwhelmingly as+HNCO rather than NCOH 1314

The preference for NH---O rather than N-H---N hydrogen
bonding in the crystal is corroborated by our results of periodic
Hartree-Fock calculations (basis set 6-31G**) using the CRYS-
TAL95 programt® The experimental structure was found to be
more stable (by about 10 kcal mé) than the alternative structure
with inverted orientation of the NH cation.

We have made a preliminary study of the solid-state transfor-
mation to urea at 50C by in situ synchrotron X-ray powder
diffraction!” (Figure 3). In the course of about 6 h, microcrystalline

disorder of the cation would seem to be a prerequisite for the
onset of the chemical reaction in the crystal. Further in situ powder
diffraction and solid-state NMR studies are under way to clarify
these issues.
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