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Abstract

A number of crystalline, hydrogen-bonded complexes of ureas and
phenols are reported. The most commonly observed urea-phenol ratio is
1:1, but some complexes with ratios of 2:1, 1:2 and 1:3 were encountered.
The structures of these complexes are discussed and one degradative reac-

tion is described.

As in our earlier studies!-2, our interest has
been focused on those hydrogen-bonded com-
plexes which can be isolated as crystalline
solids and which can be recrystallized without
change in composition. Most recent investiga-
tions of hydrogen-bonded complexes were car-
ried out using spectroscopic measurements in
solution. Such studies provide limited informa-
tion about complexes with donor-acceptor
ratios of 1:1 and no reliable information about
complexes having ratios differing from 1:1.
The observation of a large equilibrium cons-
tant for formation of a particular complex in
solution provides no assurance that that com-
plex will be isolable as a solid and will have a
melting point above room temperature.
Moreover, such measurements provide no
physical properties other than the extinction
coefficients for light absorption.

In previous studies!? it was shown that
phenols form solid, isolable hydrogen-bonded
complexes with both amides and lactams and
that these may occur with donor-acceptor
ratios of 1:1, 1:2 or 1:3. Complex formation
between phenols and ureas was first studied
with melting point-composition curves3-¢ from
which one can infer the existence of any com-
plexes that may form and determine their
melting points and stoichiometry. Such obser-
vations do not guarantee that the complex will
be isolable and recrystallizable. An additional
requirement is the availability of a solvent or
solvent system with solubility characteristics
for both the starting materials and complex
which permit recrystallization of the complex.
More recent studies’® have all been with ab-
sorption spectroscopy in solution.

Our interest in the urea-phenol complexes
was aroused by the fact that, unlike the
previously studied complexes!'2 where the
donor-acceptor ratio was always one or less,
the urea-phenol complexes may form with
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donor-acceptor ratios of one or greater3468,
In the present report we list those urea-phenol
complexes which we were able to isolate as well
defined solids. Complexes having donor-
acceptor ratios of 1:1, 2:1 and 3:1 were en-
countered. Also included are a study of a perti-
nent reaction of these complexes and a discus-
sion of their structures.

Results and Discussion

The successful preparations of urea-phenol
complexes are assembled in Table I. In every
case the yield was good, and the complex could
be recrystallized without changing its composi-
tion. In the large majority of cases the urea-
phenol ratio is 1:1, but we did find one isolated
case in which the ratio was 1:2, three cases in
which the ratio was 2:1 and four cases in which
the'ratio was presumably 1:3.

To emphasize a point made earlier some un-
successful attempts need to be indicated.
Melting point-composition curves indicate that
urea and p-nitrophenol form a 1:1 complex of
m.p. 118° and that urea and phenol form a 1:2
complex of m.p. 60°4. Our efforts to obtain
these two complexes from solution failed, pro-
bably because we did not find a suitable sol-
vent system. Infrared spectrometry in carbon
tetrachloride solution at 30° indicates that
tetramethylurea forms both 1:1 and 1:2 com-
plexes with phenols8, with the equilibrium con-
stant for formation of the 1:1 complex always
much larger than the constant for formation of
the 1:2 complex. Nevertheless, in one instance,
the reaction between tetramethylurea and pen-
tachlorophenol, we were able to obtain the 1:2
complex but not the 1:1 complex. With
tetramethylurea and six other phenols we could
prepare only the 1:1 complex. In the reaction
with picric acid, we obtained the 1:1 complex
with the initial molar ratio of tetramethylurea
to picric acid at 2:1. With initial molar ratios
of both 1:2 and 1:3 we failed to obtain the 1:2
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complex and recovered picric acid in 80%
yield. Thus neither a melting point-
composition curve nor absorption spec-
troscopy is a completely reliable guide to com-
ple):fss that may be isolated as recrystallizable
solids.

The urea and phenol in the 1:1 complexes
are held together by a hydrogen bond, with the
urea carbonyl oxygen as acceptor and the
phenolic hydroxyl group as donor. This
follows from the observed perturbations in the
infrared of the carbonyl and hydroxyl vibra-
tions on complex formation?.8%, The structures
of the three complexes with urea-phenol ratios
of 2:1 [entries 5, 13, and 17 in Table I} are also
straightforward. The phenols involved are in
one case 4,4'-biphenol and 1n the other two
cases hydroquinone. In both phenols the
hydroxyl groups are well separated, and there
is no steric constraint to formation of two
hydrogen bonds with two urea molecules. For
the tetramethylurea - 4,4’ -biphenol complex
the structure is I; the only surprising aspect is
that in the three cases where we obtained 2:1
complexes we were unable to prepare the 1:1
complex, but this, too, may have been due to
our failure to find an appropriate solvent
system,
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The last four entries in Table I are for com-
plexes of ureas and picric acid, all having urea-
phenol ratios of 1:3. The first of these com-
plexes that we prepared was from
1-piperidinecarboxamide and picric acid. It
was reasonable to react to such a result with
scepticism and to suspect that what in fact was
obtained was a fortuitous mixture of either
1-piperidinecarboxamide and picric acid or the
1:1 complex and picric acid that provided, on
titration, exactly the correct neutral equivalent
for the 1:3 complex, However, when three
other examples of 1:3 urea-phenol complexes
were encountered, a detailed study, with the
focus on the 1:3 piperidinecarboxamide-picric
acid complex, was undertaken.

When 1-piperidinecarboxamide and 1.1
molar equivalents of picric acid are reacted in
2-propanol-hexane the 1:1 complex, m.p.
119-122°, is obtained in 95% yield.
Recrystallization from the same solvent system
results in an 87% yield; m.p. 120-123°; neutral
equivalent [NE], 357. When 3.5 molar
equivalests of picric acid in the same
2-propanol-hexane solvent are used, one ob-
tains a quantitive yield of the presumed 1:3
complex; m.p. 103-108°; NE, 268 [calcd. for
1:3 complex, 272]. Recrystallization from the
same solvents gave a 96% yield of the complex;
m.p. 103-107°; NE, 272. Recrystallization
from more dilute 2-propanol-hexane gave a
78% recovery of the complex; m.p. 103-107°;
NE, 272.

When the above two experiments were
repeated with acetone-hexane as the solvent
system only the 1:1 complex was obtained even
with the initial molar ratio of urea to phenol at
1:3.5. Not surprisingly, when an attempt was
made to recrystallize the 1:3 complex from this
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solvent system, the only product obtained was
the 1:1 complex. Similar results were obtained
with acetonitrile as solvent, but with the initial
molar ratio of reactants at 1:3.5 the yield of
isolated 1:1 complex was poor.

When equivalent quantities of 1-piperidine-
carboxamide and picric acid were reacted in
concentrated chloroform solution the 1:1 com-
plex, m.p. 120-122°, was obtained in 88%
yield. When 1-piperidinecarboxamide and
picric acid in a molar ratio of 1:3.6 were
reacted in chloroform the product obtained
was the 1:3 complex [81%]; m.p. 105-111°;
NE, 268. However, on recrystallization from
chloroform there was some deterioration in the
product; m.p. 103-111°;NE, 283. The reaction
of 1-pyrrolidinecarboxamide and 3 equivalents
of picric acid in chloroform yielded the 1:3
complex in 78% yield; m.p. 101-104°; NE,
270. Recrystallization from chloroform gave
57% of product; m.p. 103-108°; NE, 270.
Chloroform was also a suitable solvent for ob-
taining the 1:3 4-morpholine carboxamide-
picric acid complex.

These results attached some credibility to the
reality of these observed 1:3 complexes. Some
scepticism still remained, in part because none
of the systems that afforded 1:3 complexes
gave any indication of 1:2 complexes being
formed. From simple structural considerations
we would have expected 1:2 complexes to be
more probable than 1:3 complexes.

To resolve our doubts we set out to do a
detailed melting point-composition curve for
the 1-piperidinecarboxamide-picric acid
system. The experimental technique involved
melting mixtures of the two components, get-
ting them to resolidify and then grinding the
solid to a powder and determining the melting
point. When the 1:1 1-piperidinecarboxamide-
picric acid complex was subjected to this pro-
cedure irreversible chemical changes occured.
It was apparent that results obtained by this
classical method would be suspect, but we
thought it, nevertheless, worthwhile to explore
the nature of these irreversible changes.

When 5§ g. of the 1-piperidinecarboxamide-
picric acid complex was heated in a sealed tube
at 125° for 20 hours, two products were ob-
tained - one insoluble in methanol and one
soluble in methanol. The methanol insoluble
product, 0.3 g. [17%] was identified as
cyanuric acid by comparison of its infrared
spectrum with the spectrum of an authentic
sample. The methanol soluble product was
piperidinium picrate; [72% yield]; m.p.
150-153° and showed no depression on mix-
melting with an authentic sample of the
picrate. The same result was obtained on
heating an equimolar mixture of
1-piperidinecarboxamide and picric acid.

This thermolysis reaction proved to have
some generality for mixtures of equivalent
quantities of ureas of the type, RRNCONH,,
and picric acid. With 4-morpholine-
carboxamide the product was 79% morpholine
picrate, m.p. 147-150°, and with
1,1-dimethylurea the product was 64%
dimethylamine picrate, m.p. 158-160°. With
1,3-dimethylurea some decomposition occur-
red, but we did not succeed in isolating a pure
product.

The isolation of cyanuric acid as well as the
picrates indicates a reaction mechanism which
is reminiscent of Wohler’s classical demonstra-
tion of the relationship between urea and am-
monium cyanate!0, The urea is in equilibrium
with piperidine and cyanic acid [equation 1},
cyanic acid polymerizes to cyanuric acid [equa-
tion 2], and picric aid and piperidine form the
picrate. The equilibration in [1) will occur only
with ureas having at least one unsubstituted
nitrogen, and this may account for our inabili-
ty to isolate a pure product from the ther-
molysis experiment with 1,3-dimethylurea.

[« NCONH, == ( NH + HCNO (1)

HO N~ -OH
3HCNO —> \IN:\( @
b

OH

A related transformation can be effected by
refluxing either the 1:1 complex or equivalent
quantities of the two starting materials in
n-propanol. With 1-piperidinecarboxamide
and picric acid the products were 92%
piperidinium picrate and 89% n-propyl car-
bamate after 20 hours of refluxing. It is con-
ceivable that this transformation also involves
equilibrium [1], but it is more probable that the
observed products result from a picric acid
catalyzed alcoholysis of I-piperidine-
carboxamide. Refluxing the largely insoluble
potassium cyanate in n-propanol for 70 hours
resulted in the formation of only a trace of
n-propyl carbamate.

Some support for the reality of the 1:3
1-piperidinecarboxamide-picric acid complex
was obtained by applying the Kofler contact
method!! to 1-piperidinecarboxamide-picric
acid mixtures. Coming from the picric acid
side there is a first eutectic mixture at about
90°, followed by a very distinct molecular
compound, melting at about 108°. Then there
was a second eutectic mixture which did not
crystallize even at room temperature, but no
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second maximum to clearly indicate the
presence of a second molecular compound was
detected, However, the one definite molecular
compound of m.p. about 108° is in good
agreement with our isolated 1:3 complex of
m.p. 103-107°12,

Further evidence attesting to the reality of
these 1:3 complexes was obtained from X-ray
powder diffraction patterns. The pattern ob-
tained with the 1:3 1-piperidinecarboxamide-
picric acid complex is clearly different from the
patterns obtained with the starting materials,
the 1:1 complex and mechanical mixtures of
the starting materials in a urea to phenol molar
ratio of 1:3 and of the 1:1 complex and picric
acid in the molar ratio of 1:2.

The crystal morphologies, examined in
detail with scanning electron microscopy, pro-
vide additional support. The crystals of the 1:1
I-piperidinecarboxamide-picric acid complex
grow as long hollow rods with a rectangular
cross-section, while the 1:3 complex grows as
fan-shaped crystal clusters with small solid
crystals growing from a central nucleus. The
two starting materials have crystal mor-
phologies that are clearly distinguishable from
those of the two complexes. Picric acid
crystallizes as very thin platelets and
1-piperidinecarboxamide grows in long ir-
regular strands without flat surfaces.

The available evidence, taken in toto, at-
taches a high degree of probability to the pro-
position that these 1:3 complexes are true
molecular compounds even though it may fall
somewhat short of guaranteeing absolute cer-
tainty. For the structures of these 1:3 com-
plexes we would suggest either one in which
two phenols are linked to the carbonyl oxygen
as in II and IIl and the third phenol is

hydrogen-bonded to a urea nitrogen or a struc-
ture in which a phenol molecule is hydrogen-
bonded to each of the two urea nitrogens as
well as to the carbonyl oxygen.

EXPERIMENTAL SECTION

Starting materlals: Picric acid stabilized
with water was crystallized from methanol to
obtain the dry acid. Technical grade pen-
tachlorophenol was crystallized two times
from toluene; m.p. 189-191°. 4,4’ -Biphenol
was obtained from the Buffalo Color Corpora-
tion and used without purification. The re-
maining phenols were all reagent grade
chemicals and were also used without purifica-
tion,

1-Piperidinecarboxamide, 4-morpholine-
carboxamide and 1-pyrrolidinecarboxamide
were prepared by aminolysis of urea with the
appropriate amines. The procedure was to
reflux urea with excess amine until evolution of
ammonia ceased. The excess amine was then
removed at the water pump and the crude pro-
duct was recrystallized. The details are given in
Table Il. The procedure has been described
previously!? and it was suggested that the reac-
tion mechanism was that proposed by Davis
and Underwood!® and involves the equilibra-
tion of urea to ammonium cyanate. We would
suggest that at the low temperatures involved
in the reactions of Table II, especially in the
reaction with pyrrolidine, b.p. 88°, that a true
solvolysis reaction with the amine attaching at
the carbonyl carbon atom is more probable.
The remaining ureas were reagent grade
chemicals and were used without further
purification,

Table It
PREPARATION OF SUBSTITUTED UREAS BY AMINOLYSIS OF UREA
Reaction Reaction
Temperature Time M.P. Crystallizing Yield
Amine °C Hours Product °C Solvent %
Piperidine 106 40 1-Piperidine- 105-107  Chloroform- 82
carboxamide hexane
Morpholine 126-130 45 4-Morpholine- 112115 Chloroform- 94
corboxamide hexone
Pyrrolidine 88 48 1-Pyrrolidine- 222.224  Methanol- 73

carboxamide'*

ethanol

2155
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The following preparations of hydrogen-
bonded complexes are typical.

2,3-Naphthalenediol-1,3-dimethylurea I:1
complex: 2,3-Naphthalenediol [3.20 g.; 0.02
mole] and 1,3-dimethylurea [1.76 g.; 0.02
mole] were dissolved in warm ether containing
a little acetone. The solution was filtered and
hexane was added. This precipitated an oil
which crystallized on scratching. The crude
product was filtered and recrystallized from
ether-acetone-hexane; yield 3.2 g. {64%]; m.p.
114-119°,

4-Morpholinecarboxamide-hydroquinone
2:1 complex: 4-Morpholinecarboxamide [5.2
8.; 0.04 mole] and hydroquinone (2.2 g.; 0.02
mole) were dissolved in a mixture of ether [100
ml,) and acetone [150 ml.). The solution was
filtered and hexane [150 ml.] was added. On
cooling the product crystallized; vield 6.8 g.
[92%}; m.p. 128-131°, Recrystallization from
acetone-hexane gave 5.4 g. [73%]; m.p.
128-131°,

4-Morpholinecarboxamide-picric acid 1:3
complex: 4-Morpholinecarboxamide [0.65 g;
0.005 mole] and picric acid [3.44 g.; 0.015
mole] were dissolved in boiling 2-propanol.
The solution was filtered and hexane was add-
ed. On cooling the product precipitated; yield
4.0 g. [97%] m.p. 95-105°. Recrystallization
from 2-propanol-hexane yielded 3.2 g. [78%]
of product; m.p. 96-100°.

Tetramethylurea-pentachlorophenol 1:2
complex: Tetramethylurea {1.74 g.; 0.015
mole] and pentachlorophenol [2.66 g.; 0.01
mole] were dissolved in ether [10 ml.] and hex-
ane [50 ml.] was added. On cooling the crude
product crystallized; yield 3 g.; m.p. 50-85°.
Recrystallization from ether-hexane yielded
1.7 g. [89%]; m.p. 92-99°. For analyses of this
complex and the others described above see
Table I.

Alcoholysis of 1-Piperidinecarboxamide:
A mixture of l-piperidinecarboxamide [1.30
g.; 0.0101 mole] and picric acid [2.32 g.;
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