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The Molecular and Crystal Structure of Triuret

By D1eco CARLSTROM AND HaNS RINGERTZ
Department of Medical Physics, Karolinska Institutet, Stockholm, Sweden

(Recetved 16 March 1964)

Synthetic crystals of triuret (carbonyl diurea), CsHgN,O;, are monoclinic with eight molecules

in a unit cell of dimensions

a=17-209, b=17-143, c =24-836 4, $=119-83°,

space group C2/c. The structure has been determined by two-dimensional Fourier methods and
refined by three-dimensional least-squares computations. The triuret molecule is in the frans form.
Each of the three urea fragments is perfectly planar but the three parts are twisted with respect
to each other, resulting in a slightly distorted molecule. The molecules are stacked nearly parallel
to the (100) plane, thus forming a layered structure. While the molecules within each layer are firmly
connected by a network of hydrogen bonds, the consecutive layers are essentially held together

only by van der Waals forces.

Introduction

Triuret (carbonyl diurea) is found in nature as an
excretory product in the form of extremely small
single crystals in the cytoplasm of certain species of
free-living carnivorous amoebae. The crystals occur
either as squared platelets which are highly bire-
fringent or as 2-6 microns long truncated bipyramids,
which exhibit no discernible birefringence. Many
amoeba species contain a mixture of both types of
crystals in their cytoplasm. Griffin (1960) was the
first to demonstrate the identity of the birefringent
crystals with synthetic triuret. Later on, Carlstrém
& Max Moller (1961) showed that these crystals are
monoclinic and that the ‘isotropic’ crystals consist of
a tetragonal form of triuret. While all efforts to
obtain the tetragonal form ¢n vitro have been in vain
the monoclinic form is easy to synthesize, even if
earlier attempts to grow crystals large enough for
single-crystal work have failed (Haworth & Mann,
1943).

The molecular and crystal structure of monoclinic
triuret has now been investigated as part of our
crystallographic program on nitrogen-containing ex-
cretory products in biological systems. The work was
regarded as a contribution to the knowledge of
compounds with terminal amide groups, but in
addition it was hoped that the analysis would shed
some light on the crystal structure of the tetragonal
form which has a unit cell of a size and shape closely
related to that of monoclinic triuret.

Experimental

Triuret was prepared according to Schittenhelm &
Wiener (1909) by oxidation of uric acid with hydrogen
peroxide in a hot alkaline solution. The product was
purified by repeated recrystallization in distilled
water. By slow cooling of a saturated solution, well-

formed single crystals of appreciable size could be
obtained. They appeared as square plates (up to
1-3%x1-3 mm) with a maximal thickness of 0-5 mm.
Twinning frequent on (001). Perfect cleavage along
(100). The crystallographic properties of triuret have
earlier been examined in detail (Carlstrom & Max
Moller, 1961) and it should only be mentioned that
the crystals are biaxial negative and highly birefrin-
gent, yp— &xp=0-280. A redetermination of the unit-
cell dimensions was now made by recording rotation
photographs of a small single crystal in a 190 mm
diameter precision powder camera. For calibration,
the crystal was coated with silicon powder, ao =
5-4306 A.

Crystal data

Triuret (carbonyl diurea), CsHeN4Os, mol.wt. 146-11.
Monoclinic,

a="7-209 +0-002, b="7-143+0-002,
¢=24-836+0-003 A; f=119-83+0-01°.

Volume of unit cell, 1109-49 A3,

Density, calculated (with Z = 8), 1-749 + 0-002
g.cm-3, measured, d3'=1-745+0-004 g.cm~3,

Total number of electrons per unit cell, F(000) =608.

Absent spectra: k0l when % and [ is odd, kkl when
(h+k) is odd. The systematic absences indicated
either the space group C2/c or Cc. The lack of detect-
able piezoelectric activity favoured the former, and
this space group was also confirmed by the structure
analysis.

In using the multiple-film technique, equi-inclina-
tion integrating Weissenberg photographs were taken
with Cu K« radiation about the b axis from the zero
to the sixth layer, and about the ¢ axis from the zero
to the twenty-first layer. All intensities were recorded
in a microdensitometer, the range being about 10,000
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to 1. The same crystal, measuring 0-12x0-12x0-18
mm was used for both the b-axis and the c-axis
photographs. In addition, the intensities of the 43
strongest reflexions were measured in a General
Electric goniostat equipped with a scintillation
counter. All intensities were corrected for Lorentz
and polarization factors but no absorption correction
was applied. The corrected intensities were put on
a single scale by correlating the various layers, the
absolute scale being established later by correlation
with the calculated structure factors. 1063 independent
reflexions were observed, representing 86-4% of the

possible number observable with the experimental
conditions used.

Structure analysis and refinement

The optical properties of triuret, the perfect cleavage
along (100), and the outstanding intensity of the
200 reflexion, all suggested that the triuret molecules
were flat, forming layers essentially parallel to the
(100) plane. From infrared absorption spectra which
indicated the presence of hydrogen bonds, it was
further assumed that the molecules within each layer
would be held together by such bonds involving a
maximal number of hydrogen atoms. Taking these
assumptions, as well as packing requirements and
probable bond lengths and bond angles, as a basis,
several trial structures of the a-axis projection were
designed and tested in an optical diffractometer
constructed according to Wyckoff, Bear, Morgan &
Carlstrom (1957). One of the configurations soon
proved to be much superior to all the others and was
accordingly chosen for the further structure deter-
mination.
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THE MOLECULAR AND CRYSTAL STRUCTURE OF TRIURET

The first electron density projection along the
a axis, based on signs calculated from the y and =
coordinates of the trial structure, was quite encourag-
ing as it showed well-resolved peaks of all non-
hydrogen atoms. After six cycles of two-dimensional
Fourier refinement, including structure factor cal-
culations, carried out on the digital computer
WEGEMATIC 1000, a fair agreement was obtained
with the observed amplitudes. The value of R (Okl)
after six cycles was thus 0-183 with the use of a
common isotropic temperature factor, B=1-66 Az,

and atomic scattering factors for C, O and N cal-

culated according to Vand, Eiland & Pepinsky (1957).
The electron density projection along the a axis at
this stage (Fig.1) showed not only that the triuret
molecule had a trans form but also that the molecule
was not_as flat as initially presumed. Some of the
projected bond lengths and bond angles differed
markedly from those expected, indicating that part
of the molecule was inclined to the (100) plane.
With the use of the average bond lengths and bond
angles of different biuret compounds as standards
(Cavalca, Nardelli & Fava, 1960; Hughes, Yakel &
Freeman, 1961; Freeman, Smith & Taylor, 1961;
Nardelli, Fava & Giraldi, 1963) the = coordinates of
triuret were calculated from the a-axis projection.
However, the severe superposition of peaks in the
electron density maps of the b-axis projection made
the Fourier refinement difficult and the value of
R (hOl) could not be brought much below 0-50.
In this situation it was decided to try a three-
dimensional least-squares refinement on the fast digital
computer FACIT EDB for which an SFLS-program
was available. The calculation involved a block-
diagonal approximation and the weighting scheme

H(1)

Fig. 1. (a) Preliminary electron density projection along the a axis. Contours at equal and arbitrary intervals (of about 1 e.A~2).
The zero contour is dotted. (b) Same projection showing the convention adopted for the labelling of the atoms in the triuret

molecule.



309

h,k, Fy and F,

I L A L L L L LR L
Sdonn s aAnlineny
d g P A N

g

DRI INEY onoonoOn .~

2IT2RRC > R

e ANMNNAAA Ay A
$INO5ST-9INeNY R R T M T PSP
eRINeNITIUY cha ° hhirh

Z GnN®-000C~EON e rAGGY-0BNNaNANE - o noC

A pi

L R T T T DAV e L L T L L P SN Y P P ODOOOr e ANANANAN A MM YT T AR A AN G D00~ e e AR NNNANANAANY s Y Y AANNROOD

B R L L T T R T B e P T

- ~an
AR A A TRRRTIINe NS d A d CN

NET RNNTITEeINCNS TS ING NN

nnonn T emnnananoceannnon- qEa N RO v etne L LD P P PPN
Sonad N PP R I N R RN R T P A N IO
3 ¢

by TRas 728 TR

SNI88 L EMET YIS ee S 1N e N aNe NE Y- NG TS 9 T00ReeE © 0r0 0 ANt NN OnNONNBYaN A Aen 00N REEerE 000 NO YR NORER~ONG NN AN RN
SO0 X N ONEN A RN ECO N OB YRG0 SR NGO N B RO CRE X S O AN A YOG anCO A S en GO nC G s Sew
*fc " RRAIR®TIZAN RS% IoeeryoegecraRr * RARRIRNCTINRIICIergo ALY STere b
£ <
[y P A N N NN AN AN A AN S .Y TN VANG OO0 O~ e D O 0 OO r e mr e e AN A AN R AN AT Yy ¥ A AN NG00 DD e
PrEL) D Y O N Y e r R - P BTN DN AN C M@ e YN ONS AR Mo nDN AR
A eI (AR 0 e ot

080N MNG- 00000~ R CEAN AN NEANAC - B O CaR AN

€% GNeeYNTN0Ee0-0N0900TN0N~ER0 —nrnnoane-a

-

S8degagNYicesirsirenoorsnescodigd nangdcorega-
S83R PR 2XRRCZTATRE

SmOmAR o g O N S G e A B YN DA e c M A0 N OAT AR AN ND AN~ 3N D
Y TN TN TN TN CRn] AR CRA it TN
~agycecnranennes
lerene - CARS S M Aen
SR3OS R

QE NN RENANNT £ eC NN AN ST ON N O NS EC DY e ROV A 0000 0r NN TEAa0E

B P P T T s -
e E NNANANANAAARC N Mr sy YN T TR AAN A

e meno L e R TR T Py
TTT it O] TN R v TS

annnsenenaenmnagnnangn ey
R Lo FEEL T PHE T4

MR CNC AR EEn e aEa-~NgR AN~ N ©0% NN NON~ 200GNNS K EeN0NI0ea0eY

O OB OO m v m e AN AN NN AN AR A Yy y gy "B NN OB DB BD DT D A A A A A N R NN e e N T Y YN AN N AN B OBV CC R OO E

°
Non- B D L LR T L R T I TR L L e mABeYNON D
TeIN i (O T TN T At T TeIn

DIEGO CARLSTROM AND HANS RINGERTZ
Table 1. Observed reflection amplitudes and calculated structure factors

Within each group of constant [, the columns contain, from left to right
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was that of Cruickshank, Pilling, Bujosa, Lovell &
Truter (1961). Only isotropic individual temperature
factors could be treated and the f curves were inter-
polated from the mean atomic scattering factors given
in International Tables for X-ray Crystallography
(1962). After eight refinement cycles, R for observed
reflexions alone had dropped from 0-534 to 0-164.
At this stage the outstandingly strong 200 reflexion
was excluded, as its observed intensity apparently
was reduced by extinction, and the 168 accidentally
absent reflexions were introduced. They were assigned
an Fo=Fomin)/2=1-8. A difference Fourier synthesis
now calculated indicated the position of five out of
the six hydrogen atoms. When the hydrogen atoms
were introduced at their expected positions the
R index dropped to 0-143. After three additional
cycles the shifts in the coordinates became insig-
nificantly small and the final figures for the R index
were 0-137 for all reflexions and 0-126 with non-
observed reflexions omitted. A further improvement
of the R index could probably have been gained by
applying anisotropic temperature parameters. Ob-
served reflexion amplitudes and final calculated
structure factors are given in Table 1.

Results and discussion

The positional parameters and the individual tem-
perature factors of the non-hydrogen atoms with
corresponding standard deviations are shown in
Table 2. The bond lengths and angles are shown in
Table 3 and Fig. 2. The estimated standard deviation
for bond lengths is 0-009 A for C-O bonds and 0-010 A
for C-N bonds, and 0-5°-0-6° for bond angles.
Examination of the bond distances and angles reveals
certain interesting features. The two NH.-CO-NH-
parts have bond lengths quite normal for amide
groups; the mean C-NH,-distance, 1-322 A, indicates

H2)

H() 128 44

O—pr MO
1

122°
110°
1-32
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Table 2. Positional parameters of non-hydrogen atoms
in fractional coordinates x 104 and isotropic thermal
parameters (Az2)

Atom z/a y[b zlc B
C(1) 2186+ 6 5906 + 6 633+ 2 1-43+ 0-06
C(2) 2461+ 6 3086+ 5 1266 + 2 1-36 +0-05
C(3) 2443 + 6 988 + 6 2059+ 2 1-47 4+ 0-06
o(1) 1633+ 5 7563+ 5 560+ 2 2:32+40-05
0(2) 306245 1963+ 5 1015+1 1-96 + 0-05
0(3) 2498+ 5 993+ 5 2565+ 2 2:25+0-05
N(1) 2988 + 6 5027+ 6 329+2 2-02+0-06
N(2) 1918+5 4898+ 5 1077+ 2 1-84 +0-05
N(3) 2222+5 2706+ 6 1770+ 2 1-76 + 0-05
N(4) 2553+ 6 —568+6 1785+ 2 2:044+0-06

Table 3. Bond lengths and bond angles
not including hydrogen atoms

Bond Length Angle
C(1)-0(1) 1-233 A O(1)-C(1)-N(1) 125-1°
C(2)-0(2) 1-220 O(1)-C(1)-N(2) 1165
C(3)-0(3) 1-236 N(1)-C(1)-N(2) 1184
C(1)-N(1) 1-318 C(1)-N(2)-C(2) 1287
C(1)-N(2) 1-408 0(2)-C(2)-N(2) 124-2
C(2)-N(2) 1-365 0(2)-C(2)-N(3) 124-9
C(2)-N(3) 1-373 N(2)-C(2)-N(3) 110-9
C(3)-N(3) 1-390 C(2)-N(8)-C(3) 127-7
C(3)-N(4) 1-326 0(3)-C(3)-N(8) 117-4
0(3)-C(3)-N(4) 123-0
N(3)-C(3)-N(4) 119-7

a large amount of double bond character while the
mean C-NH-distance, 1-399 A, is closer to that of
a single bond. The mean length of the two C—O bonds,
1-235 A, is appreciably longer than the standard
C-O double bond showing that the C-O bonds only
have about 509, double-bond character. The marked
resonance in these two terminal parts of the molecule
suggests that they should be perfectly planar. The
central urea fragment, -NH-CO-NH-, on the other
hand, exhibits a relatively small double-bond character
of the C-N bonds (mean length 1-369 A) and the

H(5)

o)

Fig. 2. Schematic diagram showing bond lengths and bond angles.
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C-O bond (1-220) is predominantly double-bond in
character. The resonance in this part of the molecule
is thus less pronounced than in the terminal parts
but still large enough to secure planarity.

Planarity of the molecule

An analysis of the planarity of the three parts;
N1 C1)0(1)N2) (I), N(2)C(2)0(2)N(3) (II) and
N(3)C(3)O(3)N(4) (IIT) was carried out by calculating
the best plane through the non-hydrogen atoms of
each part from the orthogonal axes ', y and 2’ ac-
cording to Blow (1960). Equal weight was given to
all atoms. The three mean planes are defined by the
equations;

(I) 0-65702 +0-2636y +0-7063z' =2-5958,
(II) 0-74122' +0-2801y+0-6100z' =2-4347 and
(IIT) 0-8803z' +0-0893y +0-4660z' =1-4361.

None of the atoms deviates more than 0-005 A from
the appropriate plane and the three parts of the
molecule are thus perfectly planar within the limits
of error. However, the planes are inclined to each
other as was noticed in the initial Fourier refinement.
The angle between the normals to the best planes
through (I) and (II) is 7-4°, that between (II) and
(ITII) is 16-0°. The molecule is slightly twisted and
parts (I) and (IIT) are twisted in opposite directions
with respect to part (II). Such a distortion of the
molecule has also been observed in biuret hydrate
where the angle between the two NHx-CO-NH-
fragments is 5:6° (Hughes et al., 1961), and in other
biuret compounds where it amounts to 5-0°-5-2°
(Nardelli et al., 1963). The mean plane through the
non-hydrogen atoms of the entire triuret molecule is
defined by the equation: 0-7642z" +0-1937y +0-61522'
=2-2687, which gives a distance of 3-45 A between
planes through molecules in different layers. The
deviations of the individual atoms from the best plane
through the molecule are given in Table 4. The
distortion of the triurct molccule is probably due to

Table 4. Perpendicular distances of atoms
Jfrom mean plane
C(1) —0-0060 A O(1) —0-1091 A  N(1) +0-1985 A
C(2) —0-0032 A 0O(2) +00771 A N(2) —0-1238 A
C(3) —0-0009 A O(3) +0-2230 A N(3) +0-0046 A
N(4) —0-2604 A

the repulsion of the two nitrogen atoms, N(1) and N(4),
from the central oxygen atom, O(2), but the hydrogen
bonding system may also play a role in the twist of
the molecule. The small double bond character of the
four C-NH bonds makes the observed distortion
possible, resulting in abnormally large C-NH-C angles
(128°) and an abnormally small NH-C-NH angle
(111°). Apart from the twist, the molecule is rather
symmetrical in that corresponding bond lengths and
angles are closely similar in the two halves (Fig. 2).
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Hydrogen bonding system

The positional parameters of the hydrogen atoms
are given in Table 5. Although the accuracy in the
hydrogen positions is rather low

(0(z)=o(y)= 0(z) ~0-08 &),

the positions obtained seem to be in agreement with
ordinarily accepted bond lengths, angles and packing
requirements. The hydrogen atoms lie essentially in
the plane of the molecule, and the N-H bond lengths
and angles are indicated in Fig. 2.

Table 5. Positional parameters of hydrogen atoms
in fractional coordinates x 103

Atom xzla y/b zle

H(l) 318+12 602+11 11+4
H(2) 349+ 12 355+ 11 42+ 4
H(3) 149+ 11 582+ 11 13243
H(4) 222 +11 376 + 10 206+ 4
H(5) 254+ 11 —67+11 14143
H(6) 268 + 12 — 189412 203 +4

Table 6. Hydrogen bonds and short contacts

Atoms Distance (A)
Eg;:gg; g;g } intramolecular
N(1)-O(1) (3~—=,3—y,2) 292y .
N(3)-0(3) (3—z, i_*_y’ 4—z) 2:82 mtermlo]eclula.rf
N(4)-0(3) (3—z,y—3% 3—2) 295 (mo e<13u es o
N(@4)-0(l) (z,y—1,2) 3.08 same layer)
Nu-om (tmy—b 207 | EGLILG
N(2)-02) (E—bity.2) 308 adjacent layers)

Five of the six hydrogen atoms are involved in
hydrogen bonds and the actual N-O distances are
listed in Table 6. The hydrogen bonding system is
pictured in Fig. 3 which is an a-axis projection of
the structure. As can be seen, there are two strong
intramolecular hydrogen bonds, N(1)-0(2) and N(4)-
0(2), of nearly the same lengths (2-77 and 2-79 A
respectively). This arrangement is in complete
agreement with the situation found in biuret hydrate
and biuret compounds having a trans form, where
the intramolecular hydrogen bond has a length of
273-2.76 A (Cavalca ef al., 1960; Hughes et al., 1961).

The well-developed intermolecular hydrogen bond-
ing system of triuret runs essentially parallel to the
plane of the molecules. There are thus three bonds,
N(1)-0(1)=2-92 A, N(3)-0(3)=2-82 A and N(4)-
0(3)=2-95 A, which form an almost perfect network
(dashed lines in Fig. 3) connecting molecules be-
longing to the same layer. Furthermore, there is a
short contact, N(4)-0(1)=3-08 A (dotted line in
Fig. 3) which may indicate the presence of a weak
hydrogen bond. In addition to these four bonds,
running more or less parallel to the (100) plane,
there are two short distances between nitrogen atoms
in one molecular layer and oxygen atoms in adjacent
layers (dotted lines in Fig. 3). However, it is very
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Fig. 3. Arrangement of molecules in part of a projection along the a axis. Origin at 4. Filled circles indicate atoms in molecules
belonging to the same layer, open circles refer to atoms in molecules of adjacent layers. Hydrogen bonding svstem indicated
by dashed lines and short intermolecular contacts by dotted lines. Distances in A

doubtful if these short distances, N(1)-O(1)=2-97 A
and N(2)-0(2)=3-08 A, really can be regarded as
hydrogen bonds. Not only are the angles involved
quite unfavourable but the actual H-O distances,
227 A and 2:34 A, are also almost as long as the
ordinary van der Waals hydrogen-oxygen contact
distance. In any case, these two ‘bonds’ must be very
weak and the different layers of triuret molecules
are primarily held together by van der Waals forces.
This feature explains the presence of the perfect
cleavage of triuret crystals along (100). All other
intermolecular distances are consistent with ordinary

packing requirements.

We are much indebted to Dr R. Bergin for his
assistance with the computations and to Dr S. Asbrink
for helpful advice and for his kindness in putting the
crystallographic computer programs of Stockholm
University at our disposal.* We want also to thank
Dr B. Lundberg for technical assistance with the
WEGEMATIC 1000 and the National Swedish Office

* Programs 6016 and 6023 of the I.U.Cr. World List of
Crystallographic Computer Programs, 1962,

for Administrative Rationalization and Economy
(Kungl. Statskontoret) for giving us free computer
time on FACIT EDB.
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A Refinement of the Crystal Structure of Cytidine

By S. FurBERG, CHERRY S. PETERSEN AND CHR. RoMMING

Department of Chemistry, University of Oslo, Oslo 3, Norway

(Recetved 4 March 1964)

The crystal structure of cytidine has been refined by least-squares calculations to a final B index
of 5-69%. Three-dimensional photographic data were used. The essential features of the original
structure are confirmed, but the standard deviations in the bond lengths are reduced to about
0-006 A and in the bond angles to less than 0-5°. The distances and angles in the cytosine part of
the molecule are closely similar to those found in cytosine monohydrate. The two angles at each
external bond to pyrimidine appear to differ significantly. The N-glycosidic linkage is found to be
1-497 A. The two bonds to the furanose ring oxygen atom differ in length by 0-03 A. The existence
of an intramolecular C-H - - - O interaction at 3:23 A is confirmed.

The crystal structure of cytidine, CoH;305N3, was
determined by one of us fifteen years ago from three
electron density projections refined to R=0-17—-0-19
(Furberg, 1950). Pauling & Corey (1956), not con-
sidering this structure analysis reasonably reliable,
deduced bond lengths and angles in the cytosine part
of cytidine by considering the crystal structures of
a number of other pyrimidines, mainly heavy atom
derivatives. This work was later extended by Spencer
(1959). Recently, an accurate crystal structure analysis

o on|

1 OH OH |

[
1’CHT?‘|'—4—'|'5;CH20H

| H H H
N
O\/{ 3%
Nl 5[
Y
NH,
Cytidine

of cytosine hydrate has been published (Jeffrey &
Kinoshita, 1963), and precise information on the
ribose residue has been obtained through three-dimen-
sional analysis of calcium thymidylate (Trueblood,
Horn & Luzzati, 1961) and adenosine 5-phosphate
(Kraut & Jensen, 1963). However, cytidine is still
the only unsubstituted nucleoside the structure of
which has been solved. It contains no heavy atoms
and its aromatic ring is not protonated. We have
therefore refined the structure in order to obtain
more exact information on this part of the nucleic
acids.

Experimental

The unit-cell dimensions were redetermined by least-
squares calculations based on measurements of 28
lines registered on a Guinicr camera calibrated against
KCl. The following values were found:

a=13-991 +0-002, b=14-786 +0-002 ,
¢=5-116+0-001 A .

The uncertainties indicated are estimated standard
deviations. The space group is P2,2:2; and there are
four molecules in the unit cell.

Integrated equi-inclination Weissenberg photo-
graphs kk0-%hk2, h0l-h8l and Okl were taken. Of the
total of about 1450 unique reflexions within the
Cu Ko limit, 1195 were recorded. Of these 165 were
too weak to measure. The intensities of each of the
four equivalent reflexions were measured on a Hilger
photometer and the mean value taken. The weakest
reflexions were estimated visually. Crystals with
cross-sections approximately 0-1 X 0-1 mm were used
and no correction for absorption was applied. The
various levels were placed on an approximately
common absolute scale by means of calculated struc-
ture factors based on the two-dimensionally refined
structure.

Refinement of the structure

The coordinates of the original structure were first
refined by a number of difference syntheses in the
a and c¢ projections, including finally the thirteen
hydrogen atoms. A common isotropic temperature
factor was applied, and the values 0-12 and 0-10 were
obtained for the R index. These coordinates were



