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products, according to the reaction stoichiometry used. The
structures of two products were easily determined by single-
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tory, Chilton, Didcot, Oxfordshire OX11 0QX, symmetrical and dense structure. Further stoichiometric
England variation produced another new complex, (3), and reaction

of Rb,CO; with CYH; yielded a further product, (4), which
was found to be isostructural with (3). Determination of the
structures of (3) and (4) by X-ray diffraction gave a result that
was chemically unreasonable owing to a charge imbalance,
with the asymmetric unit apparently containing 2— against
1.5+ (partial charges as the result of crystallographic mirror
symmetry). A single-crystal neutron diffraction analysis
carried out on a fully deuterated sample of (3) revealed the
presence of a supercell, with the ¢ axis doubled compared with
the X-ray result. Subsequent refinement of the structure with
this supercell showed that it is the result of just two D atoms
breaking crystallographically imposed mirror symmetry, which
is otherwise essentially observed by the rest of the structure.
This minor deviation from pseudo-symmetry could not be
identified by X-ray diffraction. Thus, single-crystal neutron
diffraction data revealed that the true chemical formula of the
structure of (3) [and presumably also of the isostructural (4)
with Rb instead of K and H instead of D], is
[K3(C3D,N303)3(C3D3N305)(D,0),], the deuterated form of
[Ks(CYH,)5(CYH,)(H,0)4].
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1. Introduction

Cyanuric acid (C3H3N305; neutral form CYHj;; anionic form
CYH; ; dianionic form CYH?") is a sturdy, robust and rela-
tively unreactive small molecule which nevertheless has had a
diverse role to play in chemistry, particular with regard to
commercial or industrial use, for many years. It has featured in
products ranging from flame retardants (Blount, 2000) and
plant growth feed (Hudec et al., 1987) to a catalyst for NO,
removal from exhaust gases (Siebers & Caton, 1990) and
lavatory cleaning blocks (Barford ez al., 1989). It is a mildly
acidic compound with pK, values of 6.85, 10.91 and >12 for
the generation of the mono-, di- and trianionic forms,
respectively (Aoki et al., 2000); whilst mono-deprotonation is
easily achieved and double deprotonation can be achieved by
© 2006 International Union of Crystallography careful control of the reaction equilibrium, triple deprotona-
Printed in Great Britain — all rights reserved tion is much more uncommon and forms unstable complexes.
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Despite the relative ease with which CYH; can be singly
deprotonated its use as an anionic ligand in coordination
chemistry has so far been surprisingly restricted. With a few
exceptions, reported coordination complexes have largely
been confined to the first-row transition elements (Falvello et
al., 1999, 1995, 1997; Server-Carrio et al., 1998; Slade et al.,
1973) with the notable exception of work on silver complexes
(Brunner et al, 2001; Munakata et al., 2001a,b; Rao et al.,
2000). Of particular interest is work by Aoki et al. (2000)
detailing the synthesis and structural characterization of
macrocycle-stabilized zinc complexes of CYHj; in all three
anionic forms.

By contrast to its coordination chemistry, the use of CYH;
in organic supramolecular chemistry has been investigated to
a far deeper level. The molecule has D3, symmetry and is a
complementary hydrogen-bond partner for melamine, which
also has D3, symmetry, forming very strong hydrogen bonds.
The formation of these bonds is predictable and reliable and
has been well exploited in the formation of supramolecular
compounds (Arduini et al., 2003; Berl et al., 2002; Felix et al.,
2003; Mascal et al., 1999; Seto et al., 1993; Seto & Whitesides,
1993; Whitesides et al., 1995; Zerkowski et al., 1994). One-
dimensional and two-dimensional motifs predominate
throughout.

We became interested in the coordination chemistry of
CYHj; as part of our work on s-block metal complexes of
pyridones, barbiturates and related ligands (Nichol & Clegg,
2006a,b). Whilst the composition of coordination complexes of
all the alkaline-earth metals, and most of the alkali metals, is
independent of the reaction stoichiometry used, we found that
the potassium and caesium reaction systems were sensitive to
the relative amounts of acid and base used. In particular, three
different potassium cyanurate complexes can by obtained by
simple variation of the amount of base used in the reaction.
Whilst two of these complexes are straightforward with metal-
ligand ratios of 1:1 {{[K(CYH,)(H,0)]s, compound (1)} and
2:1 {[K5(CYH)] o, compound (2)}, the initial formulation of a
third complex, [K3(CYD,);(CYD;3)(D,0)4]e0, (3), exhibited
charge balance problems as the number of potassium cations
did not equal the number of cyanurate anions in the asym-
metric unit. The equivalent rubidium analogue, [Rb3(CYH,);-
(CYH3)(H20)4] 00 (4), was found to be isostructural with (3).

[¢]

)J\ [K(C3H,N;05)(H,0)] (1)
HN NH K;C05/KOH / o
)\ /K H,0/D,0 \ [Kx(C3HN;05)] (2)
o N o

H

U]

[K3(C3D,N303)(C3D3N30:)(D,0)4] (3)

A single-crystal neutron diffraction data set was collected on a
fully deuterated form of (3) in order to study the H-atom
behaviour and hence to try to solve the charge balance
problem. Crystals of (4) could not be grown large enough to
permit neutron diffraction.

2. Experimental
2.1. Synthesis

2.1.1. Compound (1). CYH; (0.132 g, 1 mmol, 1 equivalent)
was dissolved in 30 ml of distilled water, with heating and
stirring. Solid K,CO; (0.142 g, 1 mmol, 2 equivalents) was
added to the reaction solution, resulting in instant efferves-
cence. The solution was boiled until ca 15 ml remained, when
the hot solution was transferred to a fresh sample vial, sealed
and allowed to stand at room temperature. Large colourless
crystals of (1) grew over a period of 2-3d (0.076 g, 40%).
CHN analysis found: C 19.59, H 1.92, N 22.18%; calc.: C 19.46,
H 2.18, N 22.69%.

2.1.2. Compound (2). CYH; (0.134 g, 1 mmol, 1 equivalent)
was dissolved in 30 ml of water along with KOH (0.27 g,
4.8 mmol, 4.8 equivalents). The reaction mixture was boiled
until everything had dissolved. Slow evaporation of a small
portion of the solution on a watchglass at room temperature
yielded colourless crystals of (2). The amount of product
obtained was too small to permit calculation of the yield or
CHN analysis.

2.1.3. Compound (3). Under an atmosphere of dry
nitrogen, CYH; (0.134 g, 1 mmol, 1 equivalent) was dissolved
in 30 ml of deuterated water, with heating. Solid K,COj;
(0.071 g, 0.5 mmol, 0.5 equivalents) was added; the solution
was boiled until all the solid reagents had dissolved and was
then allowed to stand, undisturbed, at room temperature. Very
large colourless block crystals of (3) formed over a period of
around 1 week (0.059 g, 17%). CDN analysis found: C 19.91, D
4.51, N 22.88%; calc.: C 20.02, D 4.74, N 23.36%.

2.1.4. Compound (4). Rb,CO; (0.309 g, 1.3 mmol, 1
equivalent) and CYH; (0.356 g, 2.75 mmol, 2.1 equivalent)
were dissolved in 40 ml of boiling water. After 5 min of boiling
the heat was removed and the flask sealed. A crop of large
colourless crystals of (4) grew over a period of 2d (0.111 g,
10.16%). CHN analysis found: C 17.25, H 1.91, N 20.40%;
calc.: C 17.12, H 2.03, N 19.97%.

2.2. Crystallography

2.2.1. Single-crystal X-ray diffraction. Crystallographic
experimental parameters for all data collections are summar-
ized in Table 1." Tables 2-5 give details of selected geometric
and hydrogen-bonding parameters. Details of the single-
crystal neutron data collection are given in the following
paragraph. For the X-ray data sets, data collection and
reduction was by COLLECT (Nonius, 1999) and EvalCCD
(Duisenberg et al., 2003) for (1), or SMART and SAINT
(Bruker, 2001) for (2)—(4). For all four structures semi-
empirical absorption correction from symmetry-equivalent
and repeated reflections was by SADABS (Sheldrick, 2003);
structure solution (direct methods) and refinement was by
SHELXTL (Sheldrick, 2001), using all unique F* values.

! Supplementary data for this paper are available from the TUCr electronic
archives (Reference: BS5033). Services for accessing these data are described
at the back of the journal.
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Table 1

Summary of crystallographic experimental parameters for all data collections.

Crystal data

Chemical formula

M,

Cell setting, space
group

Temperature (K)

a, b, c (A)

a, By (°)

V (A%

V4

D, (Mgm™)
Radiation type

w (mm~)

Crystal form, colour
Crystal size (mm)

Data collection
Diffractometer

Data collection method

Absorption correction

Tnin
Tmax

No. of measured,
independent and
observed reflections

Criterion for observed
reflections

Rinl

emax (O)

Refinement

Refinement on

R[F?*> 20(F?%)],
wR(F?), S

No. of reflections

No. of parameters

H/D-atom treatment

Weighting scheme

(AV0) ]
Apmaxs Apmin (€ A7)
Extinction method

Extinction coefficient

™

C;H,KN;0,4
185.19
Monoclinic, C2/m

150 (2)
11.037 (2), 16.419 (3),
7.1497 (14)

90.00, 103.68 (3), 90.00
1258.9 (4)

8

1.954

Mo Ka

0.81

Block, colourless

0.22 x 0.16 x 0.11

Nonius KappaCCD
diffractometer
¢ and o scans

Multi-scan (based on
symmetry-related
measurements)

0.842

0.916

10 612, 1216, 982

1> 20(I)

0.088
255

FZ
0.058, 0.151, 1.06

1216

121

Only coordinates
refined

w = 1/[c*(F?) +
(0.1091P)*] where
P=(F:+2F)i3

<0.0001
0.85, —0.93
None

©)

C3HK,N;0;
205.27
Orthorhombic, Cmcm

150 (2)
13.062 (4), 6.620 (2),
6.817 (2)

90.00, 90.00, 90.00
589.4 (3)
4

2313

Mo Ka

1.55

Block, colourless
0.23 x 0.21 x 0.18

Bruker SMART 1K
CCD diffractometer
Thin-slice @ scans

Multi-scan (based on
symmetry-related
measurements)

0.716

0.767

2536, 412, 370

1> 20(I)

0.028
28.3

FZ
0.024, 0.064, 1.15

412
38
Refined independently

w = 1/[o*(F2) +
(0.0329P)* +
0.7482P] where
P=(F2 +2F%)/3

<0.0001

0.26, —0.48

None

(3) X-ray

C12D17K;3N15046
719.71
Monoclinic, C2/m

150 (2)
12.8143 (15),
16.3214 (19),
11.8498 (14)
90.00, 97.520 (2), 90.00
2457.0 (5)
4

1.946

Mo Ka

0.66

Plate, colourless
0.70 x 0.20 x 0.05

Bruker SMART 1K
CCD diffractometer
Thin-slice @ scans

Multi-scan (based on
symmetry-related
measurements)

0.655

0.968

10 491, 2926, 2425

1>20(I)

0.029
28.5

F2
0.034, 0.095, 1.07

2926

232

Only coordinates
refined

w = 1/[c*(F?) +
(0.0557P)* +
1.2767P] where
P=(F2+2F%)3

0.001

0.64, —0.45

None

(3) neutron

C12D17K3N1,046
719.71
Monoclinic, I2/a

150 (2)
12.824 (2), 16.332 (3),
23.713 (4)

90.00, 97.514 (3), 90.00
4923.8 (15)

8

1.942

Neutron

0.0652 + 0.00475
Block, colourless

2.00 x 2.00 x 1.00

SXD at ISIS neutron
source

Time-of-flight Laue
diffraction

Numerical

0.123
0.497
8194, 2545, 2535

1> 20(I)

0.091 .
Resolution 0.37 A

FZ
0.068, 0.182, 1.03

8194
651
Anisotropic

w = 1/[o*(F2) +
(0.1144P)° +
438.2559P] where
P=(F?+2F)3

0.048

2.01, —2.20

SHELXL97

83 (3) x 107°

“

C12H6N12016Rb;
840.78
Monoclinic, C2/m

150 (2)
13.1499 (15),
16.6185 (19),
11.8444 (13)
90.00, 99.584 (2), 90.00
2552.2 (5)
4

2.188

Mo Ka

5.83

Plate, colourless
0.20 x 0.20 x 0.05

Bruker SMART 1K
CCD diffractometer
Thin-slice @ scans

Multi-scan (based on
symmetry-related
measurements)

0.388

0.759

9291, 2324, 1898

1>20(I)

0.045
25.0

F2
0.034, 0.077, 1.14

2324

229

Constrained to parent
site

w = 1/[o*(F2) +
(0.0253P)* +
9.2128P] where
P=(F+2F%)/3

<0.0001

0.97, —0.98

None

Computer programs: COLLECT (Nonius, 1999), SMART (Bruker, 2001), SXD2001 (Gutmann & Wilson, 2001), EvalCCD (Duisenberg et al., 2003), SAINT (Bruker, 2001), SHELXTL

(Sheldrick, 2001) and local programs.

DIAMOND3 (Brandenburg & Putz, 2004) and WinGX
(Farrugia, 1999) were used to produce the molecular graphics.

2.2.2. Single-crystal neutron diffraction. Very large deut-
erated crystals (by normal X-ray diffraction standards) of
compound (3) were prepared for the collection of a single-
crystal neutron diffraction data set on instrument SXD at the
ISIS spallation neutron source, Rutherford Appleton
Laboratories, Oxfordshire, UK (http://www.isis.rl.ac.uk/
crystallography/sxd/). SXD uses the time-of-flight Laue tech-

nique to obtain reflections from large amounts of reciprocal
space in a single measurement with a stationary crystal
(Wilson, 2005; Keen et al., 2006). Data were collected from
eight crystal orientations to a resolution of 0.37 A, each
experiment taking around 10 h, giving a total data collection
time of just over 3 d.

The program SXD-2001 (Gutmann & Wilson, 2001) was
used to collect and process the neutron diffraction data. The
structure was determined by using trial structures determined
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Table 2 .

Selected bond lengths (A) for (1).

K1—-01 2.780 (2) K1—04" 2.726 (18)
K1—05 2.855 (4) K1—06 2.696 (4)
K1—06' 3.079 (4) K2—03 2.932 (2)
K2—05 2.738 (3) K2—05' 2.979 (4)
K2—06 2.859 (4) K2—N2V 3.014 (2)
K2—N3 3.010 (3) 01—-C1 1.218 (5)
02—C2 1.258 (4) 03—C3 1.250 (3)
04—C4 1.228 (5)

Symmetry codes: (i) —x, —y, —z; (i) —x+3, —y+3, —z +1; (iii) —x+1,—y, —z+ 1
() x+3,y—3.2

Table 3 .

Selected bond lengths (A) in (2).

K—O1 2.7688 (13) K—O1' 2.8773 (14)
K—N2f 3.0390 (15) K—O2i 2.9058 (8)
01-Cl 1263 (2) 02—C2 1.278 (4)

Symmetry codes: (i) —x+3,—y+3, —z+1 (i) —x+i,y+i—z+% (i)
—x+5, -y +z. -+ 1

Table 4

Selected bond lengths (A) in the neutron-determined structure of (3).
K1—O1  2965(15) K1—-O1' 291(2)  O1—Cl 1240 (9)
K1—04  301(2) KI—04  2975(13) 02—C2 1244 (12)
K1—09" 2863 (16) K1—012" 2857 (17) 03—C3 1.207 (12)
K1—015 2762(9) K1—016 2841 (15) 04—C4 1209 (9)
K2—08Y 2751(16) K2—0O7  284(2) 05-C5 1262 (14)
K2—O11' 23853(19) K2—0O10 2800 (15) 06—C6 1240 (12)
K2—015 2761 (14) K2—O1l4 2816(12) 0O7—C7 1256 (11)
K3—03" 2831(16) K3—O11' 2748(18) 08—C8 1213 (11)
K3—-07 2.833 (18) K3—013 2.707 (16) 09—C9 1.230 (11)
010—C10 1278(12) OI1—CIl 1209(9) Ol12—Cl2 1255 (12)

Symmetry codes: (i) —x +3, —y +3, —z + 5 (i) x — %, —y + 2, z; (iii) —x +1,y, —z + 1;
(V) —x+1,—y+2,—z+ L (V) —x+1,—y+1,—z4+ 1L V) —x+ 1,y -5, —z+3

Table 5
Hydrogen-bonding geometry (A, °) in the neutron-determined structure
of (3).

D—D---A D—D D---A D---A D—D---A
N1—DI.-.09" 1.017 (11) 1796 (11)  2.809 (10) 174 (1)
N3—D3...010' 1.054 (12) 1701 (13) 2734 (12) 165 (2)
N4—D4---08" 1.027 (11) 1787 (11)  2.807 (10) 171 (2)
N5—D5. --016" 1.059 (7) 1.654 (11)  2.690 (12) 165 (1)
N6—D6- - -012" 1.060 (10)  1.681 (11) 2738 (11) 175 (1)
N7—D7---05" 1.043 (12) 1708 (12) 2746 (12) 173 (1)
N9—D9. ..02"" 1.034 (11) 1736 (12) 2763 (11) 172 (1)
N10—D10- - -O3' 1.022 (10)  1.804 (11)  2.825(10) 178 (1)
N11—D11.--06™ 1.022 (11)  1.821(13)  2.828 (11) 168 (1)
013—D13A4---N8" 0968 (12)  1.866 (12)  2.830 (12) 174 (1)
014—D14A4---02"F 0964 (12)  1.838(12)  2.756(13) 158 (1)
014—D14B- - -06" 0.959 (11)  1.866 (12)  2.768(13) 156 (1)
O15—DI15A4-- -N12" 0945 (11) 2123 (12)  3.042(12) 164 (1)
015—D15B- - -N§" 0.946 (12) 2190 (15)  3.098(11) 160 (1)
016—D16A- - -N2* 0.964 (10) 1771 (8)  2.733(12)  175(1)
016—D16A4. - -03* 0.964 (10) 2705 (11)  3.293(13) 120 (1)
016—D16B---013%  0.969 (6) 1.895 (7)  2.864(6) 178 (1)

Symmetry codes: (i) —x +3, —y +3, —z + 5 (i) x — 5, —y + 2, z; (ili)) —x +3,y, —z + 1;
(v) —x4+1,—y+2,—z+1; (vi) —x+1Ly—L —z+% (vi) x+1, —y+2,z (vii))
x,—y+3z—L @) x, —y+3z+5x) —xy—i —z+Lxi)x—1,y 2

by X-ray analysis as a starting point and the remaining atoms
located by carrying out successive Fourier and least-squares
refinements with SHELXTL.

Carrying out the reaction using D,O as the solvent allows
for deuterium-hydrogen exchange and incorporation of D,O
in the structure. Deuterated samples have three important
advantages over standard samples. Firstly, deuterium scatters
neutrons over twice as strongly as hydrogen, giving an
improvement in the intensity of the diffracted neutron beams.
Secondly, hydrogen is one of the few nuclei which scatters
neutrons out-of-phase, giving holes rather than peaks in a
difference map. This property allows for easy checking that
full deuteration has taken place, and makes difference map
analysis more straightforward. Finally, hydrogen contributes
significantly to incoherent and background scattering; using
deuterium significantly reduces this problem.

3. Results and discussion
3.1. Compound (1)

As noted in the Experimental section this compound was
synthesized using equimolar amounts of K,CO; and CYH;.
Thus, the K:CYHj; ratio was 2:1. The crystal structure of this
compound was first reported by Sysoeva et al. (1990) in space
group Cm, subsequently corrected to C2/m by Marsh et al.
(2002). We present here a low-temperature redetermination,
for the purpose of comparison with the other compounds. The
compound does indeed crystallize in space group C2/m and
shows no structural effect as a result of the cooling, other than
a slight reduction in unit-cell volume, consistent with the effect
of reduced temperature. The structure is shown in Fig. 1.
There are two crystallographically independent K* cations and
two crystallographically independent CYH; anions in the
asymmetric unit, along with two molecules of water. Both
cations and both water molecules are located on crystal-
lographic mirror planes, and both anions are located on
twofold rotation axes, so there are few unique atoms in this
highly symmetrical structure. The two independent potassium
cations have rather different coordination environments.
Atom K1 is coordinated exclusively by O atoms from the
carbonyl groups of both anions, and also by both water
molecules. By contrast K2 is coordinated by an even combi-
nation of N and O atoms (four each). Atoms K1 and K2 are
bridged by both water molecules, whilst K1 is bridged to its
symmetry equivalents via carbonyl O atoms only and K2 is
bridged to its symmetry equivalents via N atoms only. Both K1
and K2 are related to their symmetry equivalents by twofold
rotation axes, the same axes which also pass through the
CYH; anions. K—O and K—N bond lengths are unexcep-
tional, as is the geometry of the CYH, anions. Table 2 gives
selected geometrical parameters for compound (1).

Alongside this extensive coordination is a degree of
predictable hydrogen bonding. The R2(8) motif (Bernstein et
al., 1995) linking the CYH, ™ anions together via N—H---O
interactions is one of the most regular and persistent motifs in
cyanuric structural chemistry (Falvello et al., 1997), so its
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appearance here, linking the anions into a tape, is unsur-
prising.

3.2. Compound (2)

As CYH; can be potentially deprotonated at all three NH
sites we experimented with the reaction conditions to see if we
could doubly deprotonate the acid and observe the effect on
the coordination chemistry. The instability of CY>~ complexes
has already been mentioned so we considered that a [K5(CY)]
complex would be difficult or impossible to synthesize. The
relatively high pK, of the second deprotonation meant that
hydroxide was preferable to carbonate as base. Double
deprotonation and the formation of [K,(CYH)-xH,O] was
achieved using approximately 5:1 KOH:CYH in aqueous
solution. Somewhat surprisingly, there is no water present in
this compound and the structure is highly symmetrical, crys-
tallizing in the orthorhombic space group Cmcm with only
seven unique atoms in the asymmetric unit (Fig. 2).

Removal of the second proton means that the R3(8) motif is
not formed and, as a result, this is one of only a handful of
cyanuric structures not to feature this hydrogen-bonding
motif. Instead there is a lone N—H- - -O interaction forming a
C6 motif which, because of the crystallographic symmetry,
links the anions into linear chains. As hydrogen bonding is of
little importance now, the structure is held together by a very
dense network of coordination bonds. The calculated crystal
density is 2.313Mgm™® and there are only 30 other
compounds which contain potassium as the only metal in the
Cambridge Structural Database (version 5.27 with January
2006 update; Allen, 2002) with a higher density. Atom O1 links
four potassium centres and N2 bridges across two potassium
centres, whilst atom O2, as the hydrogen-bond acceptor, does

Figure 1

A partial packing diagram of (1). Displacement ellipsoids are drawn at
the 50% probability level, and dashed lines indicate hydrogen bonding
[symmetry codes (twofold rotation): (v) —x, y, —z; (Vi) —x + 1, y, —z +1].
In all graphical representations of structures in the on-line version of the
journal, bonds within ligands are orange, and bonds to metals are semi-
transparent grey.

not coordinate to the metal at all. The unique potassium
centre is thus six-coordinate and its geometry can best be
described as distorted pentagonal bipyramidal with one of the
equatorial points removed. As with (1), the bond lengths and
angles in this structure are unexceptional; selected bond
lengths are given in Table 3.

A c-axis projection of the crystal packing (Fig. 3) shows
quite neatly both the dense coordination bonding and its
symmetrical nature in this structure. The CYH>™ rings are
stacked along the ¢ axis with a lateral displacement between
adjacent rings of approximately 1/3 of a ring along the b axis.
The stacking distance between the rings is approximately
3.4 A; this distance and the ring displacement are good indi-
cators of ring-stacking stabilization. However, given the extent
of metal-ligand coordination in this structure, it is unlikely
that the ring stacking is a significant directing influence in the

Figure 2

The structure of (2). Displacement ellipsoids are drawn at the 50%
probability level, and the unique hydrogen bond is marked by a dashed
line. [Symmetry codes: (i) —x, y, —z + % (i) —x, —y + 1,z — &.

Figure 3
The crystal packing of (2), projected along the ¢ axis.

802 Gary S. Nichol et al. + Stoichiometry-dependent structures
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crystal packing. The lone hydrogen bond runs parallel to the b
axis but is omitted from Fig. 3.

3.3. Compounds (3) and (4)

Our experiments with the reaction stoichiometry thus far
yielded two different chemical compounds. We experimented
with this ratio further by using 0.5 equivalents of K,CO; with 1
equivalent of CYH; to give a KiCYHj; ratio of 1:1. This change
in reaction stoichiometry yielded a third complex, compound
(3), this time with coordinated water. To be sure that this was
not a one-off observation the reaction was repeated many
times at both 1:1 and 2:1 K:CYH; with the same two results
being achieved each time.

Compound (4), the rubidium analogue of (3), was also
prepared. Unlike potassium, rubidium showed no change in
the structure of the product as a result of varying the stoi-
choimetries and the same product resulted after many
experiments with different reaction stoichoiometries.
Compound (4) is isostructural with compound (3) but the
crystals grown were not large enough for neutron diffraction,
so only the X-ray structure was determined. Thus, the
following discussion relates to (3) but the conclusions are
equally applicable to (4). Table 1 contains a summary of the
experimental parameters for (4).

The crystal structure of (3) as determined by X-ray
diffraction is presented in Fig. 4. [The structure and subse-
quent discussions hereafter relate to a deuterated sample
which was prepared especially for neutron diffraction and
investigated also by X-ray diffraction to confirm that
deuteration did not change the structure; although the initial
discovery was made using data collected from a non-deuter-
ated sample, it is the X-ray data pertaining to this deuterated
structure which are reported.] The space group was deter-
mined as C2/m and three potassium cations and four water
molecules lie on a crystallographic mirror plane. The atoms of
the two CYH; ligands all lie on general positions. It was
quickly realized that the structure as determined did not make

Figure 4

The apparent asymmetric unit of (3), as determined by X-ray diffraction.
Displacement ellipsoids are drawn at the 50% probability level and the
dashed line indicates a bond to a disordered D atom.

chemical sense. If all the cations are lying on a mirror plane,
then they each can be considered to have a charge of 0.5+ in
the asymmetric unit, giving an overall positive charge of 1.5+.
By contrast each anion is singly deprotonated and so gives a
total negative charge of 2—. Thus, the charges do not balance
and there is 0.5+ missing somewhere. The difference-Fourier
map contained no large peaks indicating a fourth unassigned
potassium ion, so attention focused on the only other atoms
that could affect the charge of the compound, the D atoms.

A difference-Fourier map of the environment around atoms
N3 and N6 was examined for any indication of a missed H
atom. As can be seen in Fig. 5, the residual electron density
surrounding atom N3 is insignificant and is no greater than the
electron density found within the bonds of the cyanurate ring.
On the other hand, the residual electron density around the
N6 atom is much clearer and more concentrated, more so than
that around N3 and more so than the residual bonding elec-
tron density of the ligand. This indicated that an H atom might
be located here. However, whilst selection of this peak as an H
atom and refinement of its coordinates may improve the
refinement result, it does not solve the chemical problem with
the charges. Placing an H atom here results in a charge
imbalance with 0.5+ in excess. In order to resolve this problem
we tried two different approaches.

(1) Assume that the mirror plane is only a pseudo-symmetry
element and remove it, assigning the structure to space group
C2. This assumption doubles the size of the asymmetric unit
such that it contains three potassium centres (now in general
positions), four cyanuric ligands and four water molecules,
also in general positions. The strategy was then to examine
difference Fourier maps for every cyanuric ligand to deter-
mine if one of the four definitely showed three strong N—D
deuterium peaks whilst the other three showed only two
strong N—D deuterium peaks.

This approach failed for two important reasons. Firstly, it
was not overwhelmingly clear from any of the difference maps
which ligand was C3;D3N305; and which were C;D,N;0s.
Secondly, the refinement of at least half the non-D atoms in
the asymmetric unit was unstable, with many becoming ‘non-
positive definite’, indicating that the inversion centre should
be present in the structural model to fit this set of data. Given
the unconvincing Fourier analyses, and poor refinement of the
anisotropic displacement parameters of several atoms that
should be well defined, this model was rejected.

(2) Assume the mirror plane is a genuine symmetry
element, requiring the additional ‘missing” H atom to be
disordered on either side of it, with an occupancy of 50% on
each site. This approach makes chemical sense, as the charges
balance properly and no restraints were needed on any of the
anisotropic displacement parameters. The final R1 value of
0.0335 implies that the problem had been resolved. However,
this was not the case. Fig. 6 shows the result of applying the
mirror plane on which the potassium cations and water
molecules reside. Because of the mirror symmetry, water D
atoms must be symmetry-equivalent and either both lie on the
mirror plane or each lies on one side of it. The latter is
apparently the case for all water molecules in this structure.
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However, as shown in Fig. 6, this brings D7 within a very close
distance (1.31 z&) of the disordered D6N and its symmetry
equivalent. No two D atoms can be brought this close in a
correct structure; one would expect some sort of twisting of
the water molecule to relieve the steric strain. However, such
twisting would necessitate breaking the mirror symmetry and,
as was noted above, a model in which the mirror symmetry is
removed does not refine satisfactorily.

A more complicated model containing disordered water H
atoms could also be constructed. Unfortunately, as the posi-
tions and occupancies of H atoms are unreliable when deter-
mined by X-ray diffraction, such a model would be
unsuccessful.

In order to investigate further the behaviour of these D
atoms we collected a full single-crystal neutron diffraction
data set, with the aim of refining the occupancies of the D

Figure 5

Difference-Fourier maps of both cyanurate rings in the X-ray-determined
structure of (3), showing the residual electron density about N3 (top) and
N6 (bottom).

atoms. Several independent batches of deuterated complexes
of (3) were prepared and taken to the ISIS neutron source for
single-crystal neutron diffraction experiments. A crystal with a
total volume of approximately 4 mm’® was selected and
mounted. Initial tests showed good diffraction recorded on
each detector, and even a relatively intense back-scattering
was detected. To determine the unit cell, around 100 strong
reflections were collected by each detector and the data were
then indexed to automatically give a unit cell that matched
that determined by X-ray analysis. When a sufficient amount
of data had been collected to facilitate an attempt to refine the
structure, a trial model was used based on the atomic coor-
dinates from the X-ray structure. Starting without the D
atoms, initial least-squares refinement was rather unsatisfac-
tory, not particularly unusual since deuterium is the second
strongest neutron scatter in this compound. As D atoms
bonded to N1, N2, N4, N5 and all the water molecules, except
for those on O7, were located in successive Fourier maps the
refinement improved markedly to a respectable R1 = 0.1039.
There remained, however, a lot of residual diffraction density
around the O7 atom, with two very large peaks about 0.96 A
away from O7, subtending an angle of 113° at O7. One of
these peaks was located exactly on the mirror plane; the
second was not. Selection of these peaks as D atoms, followed
by anisotropic least-squares refinement, further improved the
result to R1 = 0.0756. This was, however, the best result that
could be obtained with this unit cell and space group. The
anisotropic displacement parameters of the D atoms attached
to atom O7 remained rather unstable during further refine-
ment cycles.

Aside from the steric crowding around this water molecule
the charge balance problem still remained to be dealt with.
Difference maps did show a relatively strong peak corre-
sponding to a D atom bonded to N6. This peak was selected as
deuterium and refined, with the site occupation factor for the
atom freely refined. Rather than refining to give an occupancy
of ~0.5 and a sensible displacement ellipsoid, the occupancy
refined to ~1 with a rather large and elongated ellipsoid. Thus,
simply using the trial model determined by X-ray analysis
coupled with the data integrated so far did not as yet offer an
acceptable explanation of the problem.

010

Figure 6

The result of applying the mirror symmetry element in the initial X-ray-
determined structure of (3). The unacceptable steric interaction between
atoms D6N and D7 is represented by a dashed line.
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As data collection proceeded further it was noticed that
there were many rather weak unindexed reflections with half-
integer values of /. These suggest a supercell, corresponding to
the unit cell with the ¢ axis doubled in length. The data were
thus reindexed on this supercell, and re-integrated. Exam-
ination of the new reflection data suggested that the space
group could be either Ia or I2/a. Trial models without D atoms
were created in both space groups then refined using this
second set of neutron data. Refinement in la was very poor;
however, refinement in /2/a was rather more satisfactory and,
with the addition of D atoms, quickly converged. Least-
squares restraints were used on some of the C and O atoms to
control their anisotropic displacement parameters. The model
now contained three potassium cations, four water molecules
and four cyanuric ligands. Each cyanuric ligand was examined
in turn using observed and difference-Fourier maps to identify
which one was in fact neutral. As shown in Fig. 7, the ligand
containing N4, N5 and N6 showed three distinct peaks
corresponding to deuterium in the observed Fourier map,
identifying this ligand as CYD;. The remaining three ligands
showed no significant unaccounted diffraction density in
either observed or difference maps, so we were confident that
we had located the CYDj ligand as distinct from the remaining
three CYD; ligands, and the charges now balanced, as the
chemical formula is [K3(CYD,);(CYD;)(D,0),].

With the charge balance problem solved our attention then
turned to the question of the unfavourable steric interactions
between the D atoms of one water molecule and the CYD;
ligand. As noted above the first model (in C2/m) used in the
analysis of the neutron diffraction data showed that one of the
water molecules did not obey the mirror symmetry of that
space group, instead placing one D atom exactly on the crys-
tallographic mirror plane. In this new model all atoms lie in
general positions and the relative orientation of all water D
atoms is the same as in the first model, with three water
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Figure 7

An F,,s Fourier map of the CYD; ligand as determined by neutron
diffraction with the second model. The locations of all 12 atoms in the
molecule are clear.
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molecules obeying pseudo-mirror symmetry and one molecule
breaking it. As Fig. 8 shows, the presence of D5 causes D16A
and D16B to twist away, allowing an N—D- - -O interaction to
form, and breaking the pseudo-symmetry. The D atoms
attached to atom O15 suffer no such steric hindrance from
their deprotonated CYD,  neighbours and thus can form two
pseudo-symmetrical O—D- - -N interactions.

To summarize: the crystallographic mirror symmetry
determined by X-ray diffraction is actually false, broken by
the presence of D5 within the structure, which, to minimize
steric hindrance and maximize hydrogen-bonding interactions,
causes a twist of the water molecule O16, which in turn breaks
the mirror symmetry observed by the remaining water mole-
cules. Atom D5 also causes atoms N2 and N5 to be symmetry-
inequivalent and these thus also break the mirror pseudo-
symmetry. This breaking of the symmetry results in the
formation of a supercell, caused only by the difference in
D-atom positions. It is thus no surprise that this supercell was
not detected at all by X-ray diffraction, given the poor scat-
tering of X-rays by the electron density associated with D
atoms. This supercell turned out to be the true unit cell. The
correct structure of (3), as determined by neutron diffraction,
is shown in Fig. 9. The structures of (3) and (4) determined by
X-ray diffraction are not completely correct, as they have been
determined in a sub-cell with the incorrect space group as a
consequence of the very weak scattering of X-rays by H or D
atoms. Although the results are shown here for comparison
with the true structure determined with neutrons, and the
CIFs are available as supplementary material, these have not
been deposited in the Cambridge Structural Database since it
is considered inappropriate to include in the database struc-
tures that are known to be strictly incorrect.

The asymmetric unit contains three crystallographically
independent potassium cations, three CYD,™ anions, one
neutral CYD; molecule and four water molecules, all on
general positions. The coordination environments of all three
metal centres are shown in Fig. 10. Atoms K1 and K3 are both
eight-coordinate but their coordination geometries are rather
different, with K1 having a typical square-antiprismatic coor-

Figure 8

Part of the correct structure of (3) determined by neutron diffraction. The
pseudo-mirror symmetry of the structure is approximately observed by all
atoms except D5 and D16B. Their positions break the symmetry and
result in extra weak reflections in the diffraction pattern which were not
identified by X-ray diffraction.
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dination environment whilst K3 has a square-antiprismatic
environment that is rather more distorted, as if one side of the
antiprism has been flattened out, such that the O14—K3—
013 angle is approximately 143° and the O3 —K3—O5 angle is
approximately 121°; ideally these would be 90° for undistorted
geometry. The environment of seven-coordinate K2 is rather
more difficult to describe quantitatively, as it does not have a
typical seven-coordinate geometry. Five of the coordinating O
atoms form an approximate pentagon, to which addition of an
apical coordinated O atom generates a pentagonal-based
pyramid. The seventh O atom, rather than occupying the
second axial site (which would give a regular pentagonal-
based bipyramid), is distorted well away from this ideal
position to bridge atoms K2 and K3 (this is the bridging water
molecule in Fig. 10). It is worthy of note that, unlike
compounds (1) and (2), there is no K—N coordination in this
structure; with four water molecules in the structure the N
atoms are used as hydrogen-bonding acceptors and so cannot
coordinate to the metal. The crystal packing of (3) is rather

Figure 9

The asymmetric unit of (3) as correctly determined by neutron
diffraction. Displacement ellipsoids are drawn at the 50% probability
level; atom labelling has been restricted for clarity.

Figure 10
The coordination environments of the three independent potassium
centres in the neutron-determined structure of (3).

unexceptional for a cyanurate complex. Polymeric water
coordination to the potassium centres forms a thin two-
dimensional sheet; tapes of R3(8) hydrogen-bonded CYD,
and CYD; ligands are linked to this sheet via coordination and
hydrogen bonding to form an overall three-dimensional
structure. Such crystal packing is very common in cyanurate
complexes.

4. Conclusion

The potassium—cyanuric acid reaction in aqueous solution was
found to be particularly sensitive to stoichiometry, with three
different complexes formed depending on the relative amount
and type of base used. Using equimolar amounts of CYH; and
K,CO; (and so an effective K:CYHj; ratio of 2:1) always
resulted in the product [K"(CYH, )(H,0)], (1), which was
first reported some 15 years ago. By using a large excess of
KOH we synthesized a new compound, [K5 (CYH?> )], (2).
This compact dense structure features doubly deprotonated
cyanuric acid and, surprisingly, no water is present. A direct
result of the double deprotonation is the loss of the R%(8)
hydrogen-bonding motif, which is almost always found in
cyanuric structural chemistry. The most interesting compound
formed, however, was (3). Single-crystal X-ray diffraction
gave a result which, although crystallographically largely
sound, did not make chemical sense as a result of a charge
imbalance between three cations and two anions and, in an
attempt to rectify this by inclusion of a disordered H atom, an
impossibly short contact between two H-atom sites. Resolu-
tion of these issues was achieved through a single-crystal
neutron diffraction study carried out on a deuterated sample
of this compound, leading to a supercell model with all atoms
in general positions, the assignment of one neutral and three
deprotonated organic ligands, and an ordered arrangement of
D atoms with sensible interactions; the true structure has only
pseudo-mirror symmetry, which is significantly broken by only
two D atoms, an effect essentially invisible to X-ray diffrac-
tion.

We thank the EPSRC for funding and the CCLRC for the
allocation of neutron beam-time at ISIS.
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