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Introduction

Cyameluric acid 1a and its salts as well as other derivatives
of tri-s-triazine (or s-heptazine[1]) are based on a cyclic
system of twelve C�N bonds which surround a central sp2

hybridized N atom (see Scheme 1). The 14 p-electrons form
a doubly cross-conjugated aromatic system.[2] A closely re-
lated aromatic system with six p-electrons is the well known

and very thoroughly investigated 1,3,5-triazine ring.[3] Exam-
ples of both classes of heterocyclic compounds are the title
compound 1a and its analogue cyanuric acid C3N3(OH)3

(2a) or hydromelonic acid C6N7ACHTUNGTRENNUNG(NCNH)3 (1b) which repre-
sents the analogue to tricyanomelamine C3N3ACHTUNGTRENNUNG(NCNH)3 (2b)
(Scheme 1).

We became interested in the class of heptazine com-
pounds because of their potential use as building blocks for

Abstract: The tautomerism of cyamelu-
ric acid C6N7O3H3 (1a), cyamelurates
and other heptazine derivatives has re-
cently been studied by several theoreti-
cal investigations. In this experimental
study we prepared stannyl and silyl de-
rivatives of cyameluric acid (1a):
C6N7O3[Sn ACHTUNGTRENNUNG(C4H9)3]3 (3a), C6N7O3[Sn-
ACHTUNGTRENNUNG(C2H5)3]3 (3b), and C6N7O3[Si ACHTUNGTRENNUNG(CH3)3]3

(4). In order to investigate the struc-
ture of 1a the mono- and dipotassium
cyamelurate hydrates K ACHTUNGTRENNUNG(C6N7O3H2)-
ACHTUNGTRENNUNG·2 H2O (5) and K2 ACHTUNGTRENNUNG(C6N7O3H) ACHTUNGTRENNUNG·1 H2O (6)
were synthesized by UV/Vis-controlled
titration of a potassium cyamelurate
solution with aqueous hydrochloric
acid. Compounds 3–6 were character-
ized by FTIR and solid-state NMR

spectroscopy as well as simultaneous
thermal analysis (TGA, DTA). The
single crystal X-ray structures of the
salts 5 and 6 show that the hydrogen
atoms in both anions are localized on
the peripheral nitrogen atoms. This in-
dicates—in combination with the solid-
state NMR studies—that the most
stable tautomer of solid 1a is the trike-
to form with C3h symmetry. However,
derivatives of both the hydroxyl and
the amido tautomers may be formed
depending on the substituent atoms:

The spectroscopic data and single crys-
tal structures of compounds C6N7O3[Si-
ACHTUNGTRENNUNG(CH3)3]3 (4) and the solvate
C6N7O3[Sn ACHTUNGTRENNUNG(C2H5)3]3·C2H4Cl2 (3b’) show
that the former is derived from the
symmetric trihydroxy form of 1a, while
3b’ crystallizes as a chain-like polymer,
which contains the tin atoms as multi-
functional building blocks, that is,
bridging pentacoordinated Et3SnO2

and Et3SnON units as well as non-
bridging four-coordinated Et3SnN
units. The cyameluric nucleus is part of
the polymeric chains of C6N7O3[Sn-
ACHTUNGTRENNUNG(C2H5)3]3·C2H4Cl2 (3b’), by the action
of both tautomeric forms of cyameluric
acid, the amide and the ester form.
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Scheme 1. Selected hepatzine derivatives 1 which are structurally and,
with respect to chemical properties, analogous to the 1,3,5-triazine deriv-
atives 2.
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graphitic carbon(IV) nitrides.[4] The latter phases are cur-
rently investigated by several research groups, for example,
as precursors for diamond-like, sp3-hybridized carbon(IV)
nitrides.[5] Research in this area was initiated through predic-
tions by Cohen who postulated that C3N4 materials may
exist which might be harder than diamond.[6] Hundreds of
experimental studies on attempts to synthesize C3N4 as well
as related carbon nitride materials were published in the
past decade. However, none of them was completely suc-
cessful, that is, none gave reproducible results on the synthe-
sis of a carbon(IV) nitride.[5]

First derivatives of cyameluric acid have been prepared as
early as in the first half of the 19th century.[7] However, they
did not attract much attention over the past 150 years and
relatively few facts about these compounds are known up to
date.[8] The existence of a “cyameluric nucleus” C6N7 con-
sisting of three annelated s-triazine rings was first postulated
in 1937 by Pauling et al. for 1a and its derivatives.[9] At-
tempts to prepare cyameluric esters and amides were report-
ed by Redeman and Lucas in 1940.[10] Cyamelurate salts of
the type (Mn+)3/nACHTUNGTRENNUNG[C6N7O3] as well as other s-heptazine deriv-
atives such as the melamin analogue melem C6N7 ACHTUNGTRENNUNG(NH2)3

were investigated in the 1960s and 1970s by FinkelPshtein
et al.[11] Based on analyses of the vibrational spectra the
studies confirmed the theoretical postulate by Pauling exper-
imentally.

The first comprehensively characterized compound con-
taining the heptazine unit was the parent molecule C6N7H3

(1c), which was prepared in 1982 by Hosmane, Rossman
and Leonard.[12] A set of experiments was performed in
order to study the chemical reaction behavior of tri-s-tria-
zine (1c). The results were compared with azacycl-
ACHTUNGTRENNUNG[3.3.3]azines with less nitrogen atoms. In general, the reac-
tivity decreases and the thermal stability increases within
this series of heteroaromatic systems, which are isoelectronic
to the phenalene anion.[12a,d]

Recent reports were focused on the stability and proper-
ties of selected aza-phenalenyl neutral radicals,[13] anions,[14]

cations[15] and valence-saturated neutral molecules.[16] In
other studies, these nitrogen-based heterocycles were inves-
tigated with respect to their relevance for carbon nitrides in
general[5,17] and in particular concerning nitrogen-containing
graphitic phases,[5,18] fullerenes[19] and CNx nanotubes.[20]

It took another 20 years after the successful synthesis of
the parent C6N7H3 molecule until the second crystal struc-
ture for a representative of the class of heptazine com-
pounds was reported in 2002,[4] a solvate of the trichloride
1d. This was followed by a detailed structural investigation
of melem C6N7 ACHTUNGTRENNUNG(NH2)3 by Schnick et al. using X-ray diffrac-

tion and several spectroscopic techniques,[21] and recently
the preparation and structural characterization of a melem
adduct and melemium salts.[22] Gillan et al. described the
crystal structure of the explosive tri-azide C6N7(N3)3

[23] while
we investigated some properties and structures of cyamelu-
rates M3ACHTUNGTRENNUNG[C6N7O3]

[24] and melonates M3ACHTUNGTRENNUNG[C6N7ACHTUNGTRENNUNG(NCN)3].[25] Re-
cently, single crystal structures of the solvent free trichloride
1d and of C6N7(N ACHTUNGTRENNUNG(C2H5)2)3 were described.[26, 27] An over-
view of structural data and properties of heptazine deriva-
tives is presented in Table 1.

In addition to the above described use of heptazine deriv-
atives as precursors for (ultra)hard carbon nitrides, further
potential applications include burn-rate suppressants for
solid rocket propellants,[28] and flame retardants.[29] The
latter proposed application is based on the very high ther-
mal stability of the C6N7 nucleus, which decomposes around
500 8C,[24] despite its high nitrogen content. By combination
of the heptazine motive with azide- or nitro-substituents,
candidates for high energy density materials may be de-
signed.[30] Several authors have described the determination
of the surface properties of selected heptazine derivatives
and their use as potential stationary phases for ion and gas
chromatographic separations.[31, 32] Last but not least, the UV
absorption, luminescence and NLO properties of heptazine
derivatives may be exploited for photo stabilizers (UV pro-
tection), sensitizers and emission.[8,24, 25,27]

All the compounds mentioned above are exclusively de-
rived from the hydroxyl form of cyameluric acid. In con-
trast, there are numerous structures of both, cyanuric acid
as well as isocyanuric acid derivatives known, which gives
an impression of the variability of such tautomeric systems.
Therefore, we decided to investigate possible tautomeric
forms of 1a and its derivatives. In this regard, it should be
pointed out that several theoretical studies in the past two
years were also devoted to heptazine derivatives and in par-
ticular focused on the tautomerism of cyameluric

acid.[21,30, 33–36] Here we present
an experimental study on the
latter topic.

Results and Discussion

Cyanuric and cyameluric tautomerism : It is well known that
derivatives of both, cyanuric acid C3N3(OH)3 (2a) as well as
isocyanuric acid C3N3H3O3 are stable.[37] Among other appli-
cations,[3] current interest arises from the utilization of these
1,3,5-triazine derivatives as synthons in supramolecular
chemistry.[38] Besides the trihydroxy- and the trioxo forms
with C3h symmetry, there are three further less symmetric
tautomers of cyanuric acid, as depicted in Scheme 2b. In
some cases, cyanuric acid derivatives can be transformed
into the symmetric isomer quantitatively simply by heating,
such as the reaction given below.[39]

This rearrangement reaction is useful in preparative or-
ganic chemistry. It has, for example, been used for the syn-
thesis of important pharmaceutical intermediates.[40]
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Notably the syntheses and the structures of the above
mentioned graphitic carbon(IV) nitrides are also related to
the tautomerism of cyanuric acid and its derivatives. Most
authors discuss the s-triazine based structures I and II in
Scheme 3, which may be considered as cyanuric acid and cy-
ameluric acid amides, as the most stable forms of C3N4.

[5]

However, reports on the successful syntheses of the alterna-
tive graphitic network III derived from an asymmetric tauto-

mer of the cyanuric acids have
also been published.[41] A simi-
lar heptazine based structure
IV may also be formed.[4,5]

Cyameluric acid has seven-
teen tautomeric forms: one tri-
hydroxy, three dihydroxy, four
tri-oxo and nine monohydroxy
isomers (Scheme 2a). It is an
open question, which tautomers
are stable in the solid-state. In
solution equilibria between
these forms may be present.

Recently, three theoretical
studies were focused on the sta-
bility of all these cyameluric
acid tautomers relative to each
other in the gas phase and in
solution.[33c,e, 34] Based on DFT
calculations the authors came
to the conclusion, that the
trioxo tautomer 2-5-8
(Scheme 2a) with C3h symmetry
is most stable, which is to be
expected from simple acidity–
basicity considerations for the
oxygen atoms and the six pe-
ripheral nitrogen atoms of cya-
meluric acid. The trihydroxy
form was calculated to be less
stable than the 2-5-8 isomer by
more than 80 kJ mol�1 in the
gas phase. The second most
stable tautomer is the trioxo
form 2-5-9, which is about
20 kJ mol�1 less stable than 2-5-
8. All other tautomers should
be significantly destabilized in
the gas phase by more than
45 kJ mol�1.[34] As expected, the
proton transfer activation ener-

gies are much smaller in methanol and water solution
(>50 kJ mol�1) compared with the gas phase
(>165 kJ mol�1).[33] The latter results were based on intramo-
lecular proton transfers via four-membered rings in the gas
phase, and solvent assisted six-membered ring intermediates
in solution. So far, there are no data on intermolecular
proton transfers, which might be important for the tauto-
merism in the solid-state.

Contrary to these theoretical results, cyameluric acid as
well as mono- and disubstituted derivatives are usually rep-
resented in their hydroxyl forms. One example is the so-
called “Mystery Molecule” of Pauling.[42] In this hypothetical
compound one of the hydroxyl groups is replaced by an
azide unit. Interestingly, the CAS Registry entry for cyame-
luric acid (Reg.-No.: 1502-46-1) represents the asymmetric
tautomer 2-5-9, which is not very reasonable. The latter is

Table 1. Comparison of structural and spectroscopic properties of s-heptazine derivatives.

X= H[a] Cl[b] N3
[c] NH2

[d] O�[e] NCN�[c,f]

d (N1�C2) [pm] 138.8 139.7 140.0 132–146 140.1 140.5
d (C2�N2) [pm] 133.2 133.4 132.5/

132.6[c]
131–139 132.5 130.2/

132.8[c]

d (N2�C1) [pm] 132.6 132.8 134.0/
133.3[c]

130–140 137.1 136.2/
136.3[c]

d (C1�X) [pm] 99.5 171.6 140.2 127–136 125.5 134.8
a ACHTUNGTRENNUNG(N2-C1-N2) [8] 128.5 130.2 128.4 126–135 122.9 125.6
a ACHTUNGTRENNUNG(C1-N2-C2) [8] 116.0 115.1 115.5/

117.0[c]
107–121 118.9 117.3/

117.9[c]

a ACHTUNGTRENNUNG(N2-C2-N1) [8] 119.7 119.7 118.8/
120.4[c]

113–127 119.6 120.5/
118.7[c]

a ACHTUNGTRENNUNG(N2-C2-N2) [8] 120.5 120.6 120.8 113–122 120.8 120.5
a ACHTUNGTRENNUNG(N2-C1-X) [8] 115.6 114.9 113.8/

117.8[c]
111–117 118.5 113.8/

120.7[c]

a ACHTUNGTRENNUNG(C2-N1-C2) [8] 120.0 120.0 120.0 117–124 120.0 120.0
m.p. [8C] > 360 405 (180,

decomp)
(560,
decomp)

> 450 > 400

13C NMR d C1/C2
[ppm]

171.6/159.7[g] 175.0/
158.2[h]

172.2/
159.2[i]

164.3 ACHTUNGTRENNUNG(166.4)/
155.1(156.0)[j]

171.3/
160.9[k]

174.3/
158.6[l]

IR [cm�1] of C6N7 unit – 1610(vs)
1505(vs)
1310(vs)
825(m)

1606(vs)
1530(vs)
1362(vs)
820(m)

1606(vs)
1469(vs)
1304(vs)
802(m)

1627(s)
1500(vs)
1423(vs)
833(w)

1634(vs)
1500(s)
1440(vs)
801(s)

lmax,abs [nm] 443 (e=268)
305
(22 700)[m]

310 – 288 313 340

lmax,em [nm] 517 366 – 466 383 400
lit. [12a] [4] [8,23] [21] [24] [25]

[a] Bond lengths and angles averaged for two independent molecules. [b] Bond lengths and angles averaged
for 3.5 independent molecules in [3.5 Q C6N7Cl3·1acetone·0.5Et2O], the solvent free structure of C6N7Cl3 is de-
scribed in [26]. [c] Due to the C3 symmetry there are two C2-N2-, N2-C1-distances as well as two C1-N2-C2-,
N2-C2-N1- and N2-C1-X-angles. [d] Structural data from X-ray powder diffraction, therefore larger variation
of the determined values. [e] Values for the lithium salt. [f] Values for the potassium salt. [g] Solvent:
[D6]DMSO, 1JCH(C1)=207.6 Hz. [h] Solvent: [D8]THF. [i] Solvent: [D6]DMSO. [j] Solid-state NMR data.
[k] Solvent: D2O. [l] Additional signal at 124.9 ppm for C atoms of the cyanamide groups, solvent: D2O.
[m] Solvent: acetonitrile, further maxima and shoulders: 416 ACHTUNGTRENNUNG(e199), 391 sh(91), 298 sh ACHTUNGTRENNUNG(18 900), 293 ACHTUNGTRENNUNG(20 600),
279 shACHTUNGTRENNUNG(13 580), 219 ACHTUNGTRENNUNG(9660).
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probably due to the fact, that
no differentiation is made in
the CAS Registry database be-
tween keto–enol tautomers,
thus only one entry is found
also for cyanuric acid and
isocyanuric acid (Reg.-No.:108-
80-5).

Synthesis of cyameluric acid de-
rivatives : Cyameluric tri-alkali
salts of the type M3ACHTUNGTRENNUNG[C6N7O3]
are hydrolytically and thermally
stable. They can easily be pre-
pared from cyameluric acid
with an excess of the corre-
sponding alkali hydroxides in
water.[24] The ionization con-
stants of cyameluric acid were
determined by Redemann et al.
in 1939,[10a] but without any fur-
ther investigation. Similar acid–
base titration experiments with
cyameluric acid were described

Scheme 2. Tautomeric forms of cyameluric acid (a) and cyanuric acid (b).

Scheme 3. Four selected graphitic carbon(IV) nitride networks, which have been proposed in the literature.
For calculated stabilities and further details on graphitic C3N4 see ref. [5].
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later by two other groups.[43,44] The authors determined the
pKs values (pKs1 3.0–3.1, pKs2 6.1–6.6, pKs3 8.4–9.1), but no
structural or spectroscopic data on any monohydrogencya-
melurate or dihydrogencyamelurate have been reported. To
determine the best pH ranges for the synthesis of pure sam-
ples of mono- and dipotassium cyamelurates we also per-
formed a titration experiment, which was monitored by UV/
Vis spectroscopy. A diluted solution of K3ACHTUNGTRENNUNG(C6N7O3) was ti-
trated with hydrochloric acid, which prevented precipitation
of the cyameluric acid. Figure 1 shows a selected set of UV/
Vis spectra recorded in the pH range between 11.5 and 0.5.
As expected, four different species were detected with de-
creasing pH and increasing degree of protonation:

½C6N7O3�3�!½C6N7O3H�2�!½C6N7O3H2��!½C6N7O3H3�aq

The four species show significantly different UV-absorption
properties due to their different electronic and molecular
structure (see below). The fully deprotonated anion
[C6N7O3]

3� is characterized by an absorption maximum at
~250 nm (e=17.2 Q 102 L mol�1 cm�1), with two shoulders
around ~270 and ~280 nm (Figure 1). At pH 7.98 the maxi-
mum concentration of the monoprotonated anion
[C6N7O3H]2� is formed. The spectrum shows a single broad
maximum at ~282 nm (e=4.33 Q 102 L mol�1 cm�1). This
transformation from [C6N7O3]

3� to [C6N7O3H]2� is character-
ized by two isosbestic points at 270 and 296 nm (marked a)
and b) in Figure 1). A concentration maximum for the
doubly protonated anion [C6N7O3H2]

� is indicated at
pH 4.40. The spectrum shows a clear absorption peak at

~268 nm (e=9.73 Q 102 L mol�1 cm�1). An isosbestic point at
278 nm is characteristic for the latter protonation reaction
(marked c) in Figure 1). The third transformation into the
neutral molecule [C6N7O3H3]aq causes a disappearance of
any absorption above l=275 nm and a featureless spectrum
with a continuous absorption increase from 270 to 240 nm.
Therefore, no characteristic isosbestic point can be identi-
fied for the transformation from [C6N7O3H2]

� into
[C6N7O3H3]aq. The described changes in the UV spectra are
due to a protonation of the cyameluric nucleus at the pe-
ripheric nitrogen atoms (see below). The absorption bands
can be attributed to p–p* and/or n–p* transitions inside the
heptazine molecule.

For the preparation of pure and crystalline samples of
mono- and dipotassium cyamelurates KACHTUNGTRENNUNG(C6N7O3H2) and K2-
ACHTUNGTRENNUNG(C6N7O3H) more concentrated solutions of potassium cya-
melurate K3ACHTUNGTRENNUNG(C6N7O3) were again titrated with HCl until the
corresponding pH values were reached. Crystallization was
initiated by slow diffusion of ethanol vapor into the filtered
solution of the respective salt.

In addition to the two salts we wanted to prepare neutral
molecular derivatives of different tautomeric forms of cya-
meluric acid. The syntheses of tris(tri-n-butylstannyl)-cya-
melurate (3a) and tris(triethylstannyl)-cyamelurate (3b)
were accomplished by stannylation with hexa-n-butyl- and
hexaethyldistannoxane, respectively.[45] An analogous route
was described for tris(triethylgermyl)-cyamelurate.[46] In
summary, compounds 3–6 were prepared according to
Scheme 4. Further details are provided in the Experimental
Section.

Figure 1. UV absorption spectra of an aqueous solution of potassium cyamelurate titrated with 0.1m aqueous hydrochloric acid. As expected, a clear
step-wise transformation from [C6N7O3]

3� (=B3�) via the mono- and diprotonated ions [C6N7O3H]2� (=BH2�) and [C6N7O3H2]
� (=BH2

�) into a solution
of non-charged cyameluric acid molecules C6N7O3H3 (=BH3) is observed. Two isosbestic points a) and b) for the reaction from B3� to BH2� can be iden-
tified. One further isosbestic point c) corresponds to the transformation of BH2� into BH2

�.
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Vibrational spectroscopy : FTIR spectra of the mono- and
dipotassium salts 5 and 6 are represented in Figure 2a and b.
The spectra are similar and agree well with the data report-
ed for the tri-alkali salts.[24] In particular, absorption bands
corresponding to the cyameluric nucleus appear at 1680(vs),
1540(vs), 1450(s), 1400(vs) and
800(m) cm�1, respectively. Fur-
thermore, a very broad band
around 2400–3400 cm�1 corre-
sponding to OH stretching
modes is due to the incorpora-
tion of water in the salts. The
N–H valence vibration is most
likely responsible for the ab-
sorption bands around
3500 cm�1. Several further sig-
nals in the finger print region of
the spectra are less straightfor-
ward to be assigned.

The FTIR spectra of 4 (Fig-
ure 2c) and 3a (Figure 2d)
differ significantly from the
spectra of the salts. This is in
part due to the lack of N-H and
O-H groups as well as the ab-
sence of crystal water in these
compounds. Compound 4 (Fig-
ure 2 c) is characterized by the
presence of absorption bands at
1658(vs), 1451(vs) and
812(m) cm�1 for the heptazine
unit, and a sharp band at
1011(s) cm�1 for Si-O-C units.
The Si-CH3 motif is indicated
by two characteristic bands at
1265(vs) and 844(s) cm�1, be-
sides there are two bands at
2963(m) and 2845(s) cm�1 for
symmetric and asymmetric CH3

stretching vibrations, respec-
tively.

The FTIR spectrum of tris-
(tri-n-butylstannyl)cyamelurate
(Figure 2d) is characterized by
a shift in the absorption bands
of the heptazine ring system to
1526(vs), 1398(vs) and 876(m)
cm�1 and a band at 1645(st)
cm�1, which may be due to a
C=O band. There is an addi-
tional band at 811(m) cm�1.
The n-butyl groups cause sever-
al strong absorption bands in
the range of 2923 to 2853(vs)
cm�1.

Solid-state NMR spectroscopy :
1H, 13C and 15N MAS NMR spectra were recorded for the
compounds 3b, 4, 5 and 6 (Figures 3–5). A detailed assign-
ment of the observed resonances is given in Tables 2–4. The
spectral analysis allowed us to corroborate the results of the

Figure 2. FTIR spectra of potassium cyamelurates a) K2 ACHTUNGTRENNUNG(C6N7O3H)·1H2O (6) and b) K ACHTUNGTRENNUNG(C6N7O3H2)·2 H2O (5);
of the molecular derivates c) C6N7O3[Si ACHTUNGTRENNUNG(CH3)3]3 (4) and d) C6N7O3[SnACHTUNGTRENNUNG(C4H9)3]3 (3a).

Scheme 4. Synthesis of potassium cyamelurate K3 ACHTUNGTRENNUNG[C6N7O3], cyameluric acid C6N7O3H3 (1a), C6N7O3 ACHTUNGTRENNUNG[SnR3]3

ACHTUNGTRENNUNG(3a R=nBu; 3b R=Et) and C6N7O3[Si ACHTUNGTRENNUNG(CH3)3]3 (4).
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diffraction experiments and to provide suitable reference
data for a detailed examination of cyameluric acid, which
will be presented in a forthcoming publication.

The 1H spectra of 3b, 4–6 (Figure 3) reveal three charac-
teristic hydrogen bearing molecular fragments. The trime-
thylsilyl and triethylstannyl groups of the compounds 3b
and 4 lead to broad resonances in the range d 0–2 ppm
(Table 2). The signals for the tricyclic anions (5, 6) at d

12.8 ppm ([C6N7O3H]2�) and at 11.1 ppm and 14.2 ppm
([C6N7O3H2]

�) support the existence C2N-H groups for both
compounds. The signals at 4.3/4.7 ppm and 6.9 ppm are typi-
cal for H2O molecules embedded in a hydrogen-bonding
network.[47–49] The splitting of the resonances for compound
5 demonstrates the existence of hydrogen bonds, which
differ significantly in their strength. This as well as the inten-
sity ratio of these signals at d 14.2 and 11.1 ppm of 1:3 corre-
sponds very well to the crystal structure (see below), where
one short hydrogen bond (1.84 S for O7···H14) and three
relatively long hydrogen bonds (2Q 1.93 und 1 Q 1.97 S) are
observed. Furthermore the intensity ratio I(OH):I(NH) was
determined to 2:1 for both compounds which is in excellent
agreement with the structure models derived from the dif-
fraction data (see below).

In the 13C NMR spectra (Figure 4) the aliphatic groups of
the compounds 3b and 4 cause several strong signals be-
tween d 0 and 20 ppm (Table 3). In the aromatic region the
resonances of all four compounds are arranged in two
groups. In accordance to the literature the downfield shifted
signals can be assigned to OCN2 fragments. Compound 3b
exhibits the largest chemical shift value (169.5 ppm) whereas
5 reveals the smallest shift (164.0 ppm). Similar values of
XCN2 groups are reported for C6N7H3 (171.6 ppm),[12]

C6N7Cl3 (175.0 ppm),[4] C6N7 ACHTUNGTRENNUNG(NH2)3 (164.3 ppm,
166.4 ppm)[21] and [C6N7O3]

3� (171.3 ppm).[24] The averaged
shift d ACHTUNGTRENNUNG(OCN2) of the tricyclic anions [C6N7O3Hx]

(3�x)� as a
function of the protonation degree (x=0, 1, 2) shares a
linear trend. By reducing the charge of the anions about one
unit an upfield shift of 3.5 ppm occurs.

The second group of resonances (150–160 ppm) consists
of either CN3 or OCN(NH) fragments (Figure 4). In the
case of 3b and 4 the assignment is straight forward. The sig-
nals at 152.9 ppm and 156.3 ppm (3b) as well as the reso-
nance at 158.9 ppm can unambiguously be attributed to CN3

fragments. Similar shifts are found in the literature for
C6N7H3 (159.7 ppm),[12] C6N7Cl3 (158.2 ppm),[4] C6N7 ACHTUNGTRENNUNG(NH2)3

(155.1 ppm, 156.0 ppm)[21] and [C6N7O3]
3� (160.9 ppm).[24]

For the mono- and diprotonated heptazine rings, an assign-
ment is difficult due to the overlap of resonances arising
from OCN(NH) and CN3 fragments. Making use of the
trend derived above (Dd/e = �3.5 ppm/e) the CN3 frag-
ments can probably be attributed to the downfield shifted
signals 154.1 (5) and 158.5 ppm (6). Consequently the reso-
nances at 151.8 (5) and 154.2 ppm (6) belong to the
OCN(NH) fragments.

Due to the large variation of the chemical shift and the
limited data in the literature the assignment of the 15N spec-
tra is more complex. Up to now only for C6N7H3

[12] and

Figure 3. 1H MAS NMR spectra for the compounds C6N7O3[SnACHTUNGTRENNUNG(C2H5)3]3

(3b), C6N7O3[Si ACHTUNGTRENNUNG(CH3)3]3 (4), K ACHTUNGTRENNUNG(C6N7O3H2)·2 H2O (5) and
K2 ACHTUNGTRENNUNG(C6N7O3H)·1H2O (6).

Figure 4. 13C MAS NMR spectra for the compounds C6N7O3[SnACHTUNGTRENNUNG(C2H5)3]3

(3b), C6N7O3[Si ACHTUNGTRENNUNG(CH3)3]3 (4), K ACHTUNGTRENNUNG(C6N7O3H2)·2H2O (5) and
K2 ACHTUNGTRENNUNG(C6N7O3H)·1H2O (6). Only the region of the aromatic carbon atoms is
displayed. Resonances in the aliphatic region are given in Table 3.

Figure 5. 15N MAS NMR spectra for the compounds C6N7O3[SnACHTUNGTRENNUNG(C2H5)3]3

(3b), C6N7O3[Si ACHTUNGTRENNUNG(CH3)3]3 (4), K ACHTUNGTRENNUNG(C6N7O3H2)·2H2O (5) and
K2 ACHTUNGTRENNUNG(C6N7O3H)·1H2O (6). In the spectrum of 3b the resonance at
�245.5 ppm arises from a small impurity due to partial hydrolysis during
the experiment and is therefore marked with an asterisk. The two spectra
for compound 5 were measured using a CPPI sequence. A polarization
inversion time ti=0 ms reflects a normal CP MAS experiment. For ti

around 200 ms the resonance intensity originating from NH groups dimin-
ishes to zero, NH2 groups exhibit inversed polarization, whereas signals
from tertiary nitrogen atoms remain nearly unaffected.[21, 22]
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C6N7 ACHTUNGTRENNUNG(NH2)3
[21,22] 15N NMR data are available. For C6N7H3

the ring nitrogen atoms were observed at �141.4 ppm and
the central nitrogen atom was found at �193.4 ppm. Melem
shows resonances between d �197.1 and �205.3 (NC2), at
�234.2 ppm (NC3) and between �267.1 and �281.6 ppm
(NH2). Obviously, substitution of a terminal group in a tri-s-
triazine system causes a change of the chemical shift up to
60 ppm.

Nevertheless the 15N NMR resonances for 4 can unambig-
uously be assigned based on the pattern splitting. Since the
asymmetric unit consists of only one molecule (see below),
the group of five resonances (�178.1 to �174.8 ppm) has to
be attributed to the six nitrogen atoms in the outer ring
whereas the single resonance at �221.5 ppm belongs to the
central nitrogen (Figure 5). In the case of compound 3b two
independent molecules occupy the asymmetric unit. The
molecules form a chain-like polymer with the SnEt3 groups
functioning as connectors as well as terminal groups (see
discussion on the crystal structure). The appearance of only
few resonances arranged in doublets in the 15N spectrum in-
dicates that both molecules in the asymmetric unit are simi-
lar or a crystal lattice type bearing only one independent
molecule of 3b is present in the solvent free form. Based on
these considerations and the assignment accomplished for
compound 3b the signals �182.8/�181.3 ppm and �233.9/
�231.2 ppm can attributed to NC2 and NC3 fragments, re-
spectively. Consequently, the resonances at d �192.6 and
�206.1 ppm belong to C2N–SnEt3 units.

For the assignment of the tricyclic anions it was necessary
to additionally measure a CPPI filtered spectrum for 5
(second spectrum from top of Figure 5). The inversion time
ti was adjusted to eliminate resonances from C2N-H groups.
By comparison with the CP MAS spectra it becomes obvi-
ous that the resonances d �249.3, �247.7, �246.6 and
�242.7 (5) as well as �249.1 ppm (6) originate from C2N-H
fragments. All other signals belong to tertiary nitrogen

atoms. Based on the grouping of the resonances furthermore
the signals at �240.6 (5) and �237.2 ppm (6) reveal the cen-
tral nitrogen (C3N) whereas all other signals belong to nitro-
gen atoms in the outer ring.

Crystal structures of 5 and 6 : In order to provide clear evi-
dence which of the [C6N7O3H3�x]

x� isomers is most stable in
the solid-state, we determined single crystal X-ray structures
of the hydrates K ACHTUNGTRENNUNG(C6N7O3H2)·2 H2O (5) and
K2ACHTUNGTRENNUNG(C6N7O3H)·1 H2O (6). Selected crystal parameters and re-
finement data are summarized in Table 5. Interatomic dis-
tances and bond angles are shown in Table 6.

The tricyclic anions [HC6N7O3]
2� and [H2C6N7O3]

� of
both salts are planar, since the sum of the bond angles
around each atom are 360 ACHTUNGTRENNUNG(�0.2)8. This can be attributed to
a sp2 hybridization of all nitrogen and carbon atoms of the
conjugated p electron system, that is, of the C6N7 heptazine
units. The same was found for potassium melonate K3 ACHTUNGTRENNUNG[C6N7-
ACHTUNGTRENNUNG(NCN)3],[25] alkali cyamelurates M3ACHTUNGTRENNUNG[C6N7O3],[24] the mono-
and diprotonated cationic melemium species in [HC6N7-
ACHTUNGTRENNUNG(NH2)3]ClO4 and [H2C6N7ACHTUNGTRENNUNG(NH2)3]SO4,

[22] as well as for non-
ionic heptazine derivatives, such as melem C6N7ACHTUNGTRENNUNG(NH2)3,

[21]

triazido-tri-s-triazine C6N7(N3)3,
[8,23] or trichloro-tri-s-triazine

C6N7Cl3.
[4,26]

It was possible to locate the hydrogen atoms for both the
mono- as well as the diprotonated cyamelurate anions. As it
was expected, N�H bonds are formed in both cases
(Figure 6). The two anions of the asymmetric unit of the
mono-potassium salt K ACHTUNGTRENNUNG[C6N7O3H2]·2 H2O (Figure 6a) are
protonated at N2 and N4 as well as on N12 and N14, which
can be expected if the anion is derived from the cyameluric
acid tautomer 2-5-8 (compare Scheme 2). The analogous
protonation pattern was observed for the cation [H2C6N7-
ACHTUNGTRENNUNG(NH2)3]

2+ in the sulfuric acid of melem.[22]

Only very small distortions of the perfect threefold sym-
metry as observed for the heptazine derivatives listed in
Table 1 can be found for the cyamelurate anions in com-
pound 5 and 6. A slight elongation of the N�C(O) bond
length of the protonated N atoms (1.39–1.40 S) is found
compared with the analogous N�C(O) bond of the non-pro-
tonated peripheral N atoms (1.35–1.38 S). The latter value

Table 3. Assignment of the 13C MAS NMR spectra for the compounds
3b, 4–6.

d

[ppm]
OCN2 OCN(NH) CN3 Alkyl

6 166.6(m),
168.2(m)

154–159 –

5 164.0(m) 151.8(s) 154.1(s) –
4 169.5(m) – 158.9(m) 0.9(s), 1.4(vs)
3b 163.6(m),

165.2(w),
166.8(s)

– 152.9(m),
156.3(s)

7.3(vw), 8.6(w), 10.1(s),
10.8(s), 11.3(s), 12.0(s),
12.4(m), 16.1(w), 17.4(m),
18.0(m), 20.2(m)

Table 4. Assignment of the 15N MAS NMR spectra for the compounds
3b and 4–6. The asterisk marks a small impurity due to hydrolysis of the
sample during the measurement.

d

[ppm]
C2N NC3 C2N-X

X=H X=SnEt3

6 �202.5(w), �194.1(w),
�192.5(m), �190.7(w)

�237.3(w) �252.3(w),
�249.2(m)

–

5 �203.9(m), �199.5(s),
�196.8(m),
�192.1(m), �190.2(s),
�183.8(m)

�240.6(m) �249.3(m),
�247.7(m),
�246.6(m),
�242.7(w)

–

4 �178.1(m), �177.3(s),
�176.6(m),
�175.7(m), �174.8(m)

�221.5(m) – –

3b �182.8(m), �181.3(m) �233,9(w),
�231.2(w)

�244.5(vw)* �206.1(w),
�192.6(w)

Table 2. Assignment of the 1H MAS NMR spectra for the compounds
3b and 4–6.

d [ppm] C2N-H H2O Alkyl

6 12.8(s) 4.7(m), 6.9(vw) –
5 11.1(s), 14.2(m) 4.3(m), 6.9(w) –
4 – – 0.5
3b – – 0.1, 0.9, 1.3, 1.6
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was also reported for [C6N7O3]
3� ions (1.37 S). This distor-

tion may be expected from simple consideration of the pos-
sible mesomeric Lewis structures with negative charges only
on the oxygen atoms, since there are exclusively C�N single
bonds to the N-H group.

The C�O bond lengths within cyamelurate anions vary
little. Values of 1.21–1.23 S are found for the twofold pro-
tonated cyamelurate, 1.23–1.26 S for the singly protonated
anion and 1.25–1.30 S for the non-protonated ions in the
alkali cyamelurates were determined. The slight increase
may be due to the increasing negative charge from �1 to
�3, which is in part located on the oxygen atoms. The C�N
bond lengths to the central nitrogen atoms of 1.37–1.41 S
are almost identical to the values found for all other hepta-
zine derivatives which have been structurally characterized
so far (see Table 1). Nevertheless, all C�N bonds in 5 and 6
are significantly shorter than the normal C�N single bond
length (1.470 S) and longer than the normal C=N double
bond (1.280 S), which is obviously due to the conjugation
over the whole heptazine unit.

With respect to bond angles, the protonation on the N
atoms is accompanied with a slight increase of the C-N-C
bond angles from 117–1208 for all non-protonated peripher-

al nitrogen atoms in
[C6N7O3H3�x]

x� ions to about
123–1258. The average N-C(O)-
N angle is ffi 1208 in both potas-
sium salts, which is smaller than
the average bond angle in
alkali-cyamelurates (123–1258).
Besides, it is smaller than the
average N-C(Cl)-N angle
(130.28) in tri-chloro-tri-s-tria-
zine and the N-C(H)-N angle
(128.58) in tri-s-triazine.

Both, the mono- and dipotas-
sium cyamelurates 5 and 6 crys-
tallize as hydrates containing
two or one equivalents of crys-
tal water per [C6N7O3H3�x]

x�

anion, respectively. More crys-
tal water molecules were found
in the alkali cyamelurates M3-
ACHTUNGTRENNUNG[C6N7O3]·xH2O with M=Li,
Na, K and Rb, for which x was
reported to be from three up to
six.[24] The lone pair electrons of
two of the four H2O molecules
in the asymmetric unit of
K ACHTUNGTRENNUNG(C6N7O3H2)·2 H2O (5) form
hydrogen bonds to the protons
on the cyamelurate anions, indi-
cated by distances of 1.83 S for
N14H···O7 and 1.89 S for
N2H···O9. The latter water
molecules are at the same time
coordinated (by the other
oxygen lone pair) to K2 with

dACHTUNGTRENNUNG(K2�O9) = 3.07 S (Figure 6a). A significantly longer dis-
tance of 3.35 S is present between K2 and O7, although this
water molecule still may be considered to be part of the first
coordination sphere of K2. The other two water molecules
of the asymmetric unit of 5 are coordinated to the potassium
cations with distances of 2.86 S for O8–K2 and 2.81 S for
O10–K1. At the same time these water molecules form hy-
drogen bridges to two N atoms of two different cyamelurate
ions with OH···N distances of 2.11–2.16 S. Hydrogen
bridges are also present between the coplanar cyamelurate
anions forming layers. These hydrogen bond distances are
d(N12H···O2)=1.94 and dACHTUNGTRENNUNG(N4H···O4)=1.96 S.

A different hydrogen bonding and metal coordination
pattern is present in the asymmetric unit of
K2ACHTUNGTRENNUNG(C6N7O3H)·1 H2O (6). Bridges between K1 and K2 are
formed by the oxygen atom of one water molecule with
almost identical K–O distances of 2.78 S to K1 and K2.
One proton of this water molecule forms a hydrogen bridge
of dACHTUNGTRENNUNG(OH···O2)=1.94 S to an oxygen atom of the
[C6N7O3H]2� ion. The water molecule is in the same plane
as the coplanar anions, which are interconnected by N-H···O
hydrogen bridges of 2.03 S.

Table 5. Selected crystal parameters and refinement data for compounds 3b’, 4–6.

5 6 4 3b’

formula C12H12K2N14O10 C6H3K2N7O4 C15H27N7O3Si3 C52H98Cl4N14O6Sn6

M [gmol�1] 590.56 315.35 437.71 1869.38
crystal system monoclinic monoclinic trigonal triclinic
space group P21/c (no. 14) P21/n (no. 14) P31c (no. 159) P1̄ (no. 2)
cell parameters
a [S] 9.1784(6) 7.4048(5) 25.3601(5) 12.3097(4)
b [S] 34.681(2) 15.5081(9) 25.3601(5) 14.6623(4)
c [S] 6.4578(4) 9.5745(6) 7.0299(2) 20.7619(7)
a [8] 90.00 90.00 90.00 94.962(1)
b [8] 92.190(2) 109.259(7) 90.00 101.635(2)
g [8] 90.00 90.00 120.00 105.281(1)
V [S3] 2054.1(2) 1037.95(7) 3915.45(16) 3501.64(19)
Z 4 4 6 2
1calcd [gcm�3] 1.910 2.018 1.114 1.773
T [K] 296(2) 293(2) 223(2) 90(2)
l [S] 0.71073 0.71073 0.71073 0.71073
cryst. size [mm] 0.22 Q 0.14 Q 0.01 0.30 Q 0.26 Q 0.25 0.4Q 0.2Q 0.12 0.53 Q 0.24 Q 0.18
m [mm�1] 0.554 0.940 0.207 2.313
Vmax [8] 28.0 26.4 29.0 38.5
index range �12�h�12 �9�h�8 �34�h�32 �21�h�21

�45�k�45 �19�k�19 �34�k�34 �25�k�25
�8� l�8 �11� l�11 �9� l�9 �36� l�36

param./restrain. 379/34[a] 184/0 253/1 811/36
total no. reflns 14839 5860 47062 175 398
unique reflns 4942 2064 6941 39 362
obsd reflns (Rint) 3141 (0.0294) 1883 (0.0265) 5737 (0.0292) 30 320 (0.0339)
absorpt. corr. multi-scan none multi-scan multi-scan
GoF on F 2 0.989 1.111 1.095 1.116
R ACHTUNGTRENNUNG[I>2s(I)]
R1 0.0372 0.0350 0.0423 0.0395
wR2 0.0920 0.0963 0.1127 0.0855
Rall

R1 0.0732 0.0389 0.0550 0.0649
wR2 0.1018 0.0992 0.1181 0.0946
min/max electron density [S�3] �0.261/0.375 �0.262/0.389 �0.251/0.472 �1.847/3.312

[a] All N�H and O�H bond lengths fixed.
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Both salts 5 and 6 may be considered as layered structures
(Figure 7). As mentioned above the disc-shaped anions are
arranged coplanar forming p-stacked, graphite-like sheets.

Such a face-to-face stacking of flat aromatic molecules is
typical and has been frequently observed. The distance be-
tween the anion layers of 5 and 6 is about 3.2 S in both
cases. Larger values for similar inter-layer distances of 3.6–
3.7 S were observed for alkali cyamelurates.[24] For potassi-
um melonate K3 ACHTUNGTRENNUNG[C6N7 ACHTUNGTRENNUNG(NCN)3]

[25] and melem[21] values
around 3.3 S were found, while this distance is 3.0–3.1 S in
melemium salts.[22] The potassium ions form a second type
of layer, which contains water molecules in the case of 5,
while in the other salt 6 all the crystal water molecules are
in the plane of the anions.

The coordination spheres of the cations (K1,K2) are rela-
tively irregular. In 5, for K1 six O atoms of the water mole-

Table 6. Selected interatomic distances and bond angles for the potassi-
um cyamelurate 5 (compare Figure 6a).

Bond length [S] Bond angle [8]

O1�C1 1.216(2) O1-C1-N3 122.04(17)
C1�N2 1.387(2) O1-C1-N2 120.18(16)
N2�H2 0.849(12) N2-C1-N3 117.78(15)
N2�C6 1.347(2) C1-N2-C6 124.90(15)
C1�N3 1.377(2) C1-N2-H2 118.2(14)
N3�C2 1.299(2) C6-N2-H2 116.9(14)
C2�N1 1.380(2) N2-C6-N1 114.74(16)
C6�N1 1.387(2) N2-C6-N7 122.30(15)
C4�N1 1.418(2) N1-C6-N7 122.95(15)
C2�N4 1.344(2) C1-N3-C2 118.23(16)
N4�C3 1.402(2) N3-C2-N1 124.07(15)
C3�N5 1.361(2) N3-C2-N4 120.84(17)
N5�C4 1.329(2) N1-C2-N4 115.09(15)
C4�N6 1.310(2) C2-N4-H4 119.8(14)
N6�C5 1.368(2) C3-N4-H4 115.7(14)
C5�N7 1.396(2) C2-N4-C3 124.37(16)
N4�H4 0.848(12) C2-N1-C6 120.02(14)
C3�O3 1.218(2) C2-N1-C4 122.10(14)
C5�O2 1.231(2) C4-N1-C6 117.87(15)
K1�O2 3.0695(15) C6-N7-C5 117.54(15)
K1�N6 3.0227(15) N1-C4-N5 119.35(16)
K1�O6 2.8363(14) N1-C4-N6 119.73(15)
K1�O10 2.8402(17) N5-C4-N6 120.92(15)
K2�O3 2.7648(13) C3-N5-C4 120.81(15)
K2�O8 2.8707(15) C4-N6-C5 119.67(15)
K2�O9 3.088(2) N6-C5-N7 122.01(16)
K2�N9 3.1256(15) N6-C5-O2 119.57(16)
K2�O4 3.1119(14) O2-C5-N7 118.41(16)

Table 7. Selected interatomic distances and bond angles for the potassi-
um cyamelurate 6 (compare Figure 6b).

Bond length [S] Bond angle [8]

O1�C2 1.247(2) N7-C1-N1 119.62(14)
C2�N2 1.372(2) N2-C1-N1 119.60(14)
C2�N3 1.381(2) N2-C1-N7 120.78(14)
N2�C1 1.322(2) C2-N2-C1 118.82(14)
N3�C3 1.315(2) N2-C2-N3 123.10(14)
N4�C3 1.332(2) O1-C2-N3 118.26(15)
C3�N1 1.4097(19) O1-C2-N2 118.63(16)
N1�C1 1.4044(19) C2-N3-C3 118.58(14)
C1�N7 1.326(2) N3-C3-N1 119.91(14)
C4�N4 1.348(2) N3-C3-N4 120.06(14)
C4�N5 1.390(2) N1-C3-N4 120.02(14)
C4�O2 1.2392(19) C3-N4-C4 119.70(14)
N5�C5 1.351(2) C3-N1-C5 121.81(13)
C5�N1 1.3782(19) C3-N1-C1 119.85(13)
C5�N6 1.306(2) C5-N1-C1 118.33(13)
C6�N7 1.363(2) C1-N7-C6 119.10(14)
C6�N6 1.389(2) N4-C4-O2 122.61(16)
C6�O3 1.248(2) N4-C4-N5 119.79(14)
K1�O3 2.7537(15) O2-C4-N5 117.60(15)
K1�O1 2.6479(14) C4-N5-C5 123.34(14)
K1�O2 2.6790(14) C5-N6-C6 116.54(14)
K1�O4 2.7740(18) K1-N6-K2 77.92(3)
K1�N4 2.8855(15) C5-N6-K2 104.27(10)
K2�N6 3.0568(15) C6-N6-K1 115.41(10)
K�N6 3.2509(15) N7-C6-N6 122.96(14)

Figure 6. ORTEP diagrams of the asymmetric units of cyamelurate salts
a) K ACHTUNGTRENNUNG(C6N7O3H2)·2 H2O (5) and b) K2 ACHTUNGTRENNUNG(C6N7O3H)·1H2O (6) (ellipsoids at
50% probability). Additional symmetry equivalent N and O atoms
(labels without numbers) are shown to provide the full coordination ge-
ometry of the potassium ions. Hydrogen atoms of the crystal water mole-
cules have been omitted for clarity.
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cules and the anions as well as one N atom belong to the
first coordination shell. K2 is coordinated by seven O atoms
and one N atom (see Figure 6). In the coordination spheres
of the cations (K1,K2) in 6,
both potassium atoms K1 and
K2 are surrounded differently
by five O atoms and three N
atoms, sharing two oxygen
atoms and one nitrogen ligand.

Very recently, a report on the
crystal structure of the sodium
dihydrogencyamelurate Na[H2-
ACHTUNGTRENNUNG(C6N7)O3]·4 H2O was communi-
cated.[50] Interestingly, this salt
contains more water than the
above discussed potassium salts.
While the molecular structure
of the anion is very similar to
the above described structure
of 5, the coordination of the
cations is much more symmet-
ric, that is, nearly perfect NaO6

octahedra are found without
any metal–nitrogen coordina-
tion.

Crystal structures of 3b’ and 4 :
In order to provide clear evi-
dence which isomeric forms are
present in the case of com-
pounds 3b’ and 4 we prepared
single crystals suitable for X-
ray structure analysis. Crystal
parameters and refinement data

are provided in Table 5, selected bond lengths and angles
are summarized in Tables 8 and 9.

As depicted in Figure 8 there are six different tin atoms in
the asymmetric unit of 3b’ coordinating to all six oxygen
atoms of the cyameluric nucleus. Two of the four fivefold
coordinated tin atoms, namely Sn1 and Sn2, form OSn-
ACHTUNGTRENNUNG(Et3)N trigonal bipyramidal double bridges between the two
C6N7O3 units. Sn4 and Sn5 form similar double bridges with-
out Sn�N bonds, that is, OSn ACHTUNGTRENNUNG(Et3)O trigonal bipyramids.
The Sn�O bond lengths vary between 2.23 and 2.40 S and
O/N�Sn�N bond angles are in the range between 167.3–
171.68 indicating that the bipyramids are moderately distort-
ed with all ethyl groups in equatorial positions. The C-Sn-C
angles are in the range of 110.6–139.88, deviating from the
ideal value of 1208. The remaining two tin atoms Sn3 and
Sn6 are tetrahedrally coordinated forming N-bonded tri-
ACHTUNGTRENNUNGethylstannyl groups which are non-bridging. This results in a
coordination polymer which may be derived from the tauto-
mer 1-2-5 in Scheme 2. However, due to the fact that all
three oxygen atoms form Sn�O bonds, the tautomers 1-2-6,
1-2-8 and 1-3-6 may be considered as building blocks for the
polymeric chains of 3b’ as well.

All Sn�C bond lengths vary only slightly between 2.12
and 2.16 S independent of the tin atom and its coordination
number. The Sn�N bonds, on the other hand, are 2.16 S for
the NSnEt3 tetrahedra, but 2.50–2.53 S for the trigonal bi-

Table 8. Selected bond lengths and bond angles of 3b’ (compare Figure 8).

Bond length [S] Bond angle [8]

Sn1�O1 2.2287(16) O1-Sn1-N12 167.33(6)
Sn1�N12 2.5262(17) O1-Sn1-C(a) 89.17(8)–93.52(8)
Sn2�N2 2.4967(18) N2-Sn2-O5 169.26(6)
Sn3�N5 2.1593(18) N2-Sn2-C(a) 83.25(8)–100.26(13)
Sn4�O2 2.2708(17) N5-Sn3-C(a) 100.87(9)–108.11(10)
Sn4�O4 2.3682(18) O2-Sn4-O4 170.68(7)
Sn5�O3 2.4023(17) O2/O4-Sn4-C(a)[i] 85.4(3)–97.72(9)
Sn5�O6 2.2693(16) O3-Sn5-O6 171.63(6)
Sn6�N9 2.1607(19) O3/O6-Sn5-C(a)[i] 85.28(8)–95.77(9)
SnEt3N/O�C[a] 2.122(3)–2.161(3) N9-Sn6-C(a) 103.19(9)–106.97(10)
SnEt3N�C[b] 2.135(3)–2.160(3) C(a)-Sn(L5)-C’(a)[j] 110.62(16)–139.78(9)
O�C[c] 1.258(3)–1.266(3) C(a)-Sn(L4)-C’(a)[k] 107.1(4)–116.88(14)
C(O)�N ACHTUNGTRENNUNG(C,Sn)[d] 1.370(3)–1.388(3) Sn-O-C (six angles) 114.34(14)–128.78(15)
C(O)�N(C)[e] 1.338(3)–1.374(3) Sn(L5)-N-C[l] 118.77(13)–123.43(14)
N(C2)�C(N3)

[f] 1.304(3)–1.327(3) Sn(L4)-N-C[l] 112.75(13)–127.63(14)
C(N3)�N ACHTUNGTRENNUNG(C,Sn)[g] 1.339(3)–1.353(3) O-C-N (twelve angles) 115.79(19)–121.00(19)
C(N3)�N(C3)

[h] 1.383(3)–1.407(3) N-C(O)-N 122.2(2)–124.71(19)
C(O)-N-C(N3)

[m] 116.98(16)–119.2(2)
C(O)-N(Sn)-C(N3)

[n] 117.58(18)–119.22(18)
N-C(N3)-N(C3)

[o] 117.31(18)–122.33(18)
C(N3)-N(C3)-C(N3)’ 118.40(17)–121.21(17)

[a] Range of all twelve different Sn–(a-C-ethyl) bond lengths of the five-fold coordinated tin atoms Sn1, Sn2,
Sn4 and Sn5. [b] Six Sn–(a-C-ethyl) bond lengths of the four-fold coordinated tin atoms Sn3 and Sn6. [c] Six
different C�O bond lengths. [d] Four different C(O)�N ACHTUNGTRENNUNG(Sn,C) bond lengths in the asymmetric unit. [e] Eight
different C(O)�N(C) bond lengths. [f] Eight different bond lengths between non tin-coordinated N atoms and
CN3. [g] Four different bond lengths between tin-coordinated N atoms and CN3. [h] Six different C�N bond
lengths to the central N atoms. [i] Six different O�Sn�C bond angles on Sn4 and Sn5. [j] C-Sn-C’ angles for
the fivefold coordinated tin atoms Sn1, Sn2, Sn4 and Sn5. [k] The C-Sn-C’ angles for the fourfold coordinated
tin atoms Sn3 and Sn6. [l] Four different Sn-N-C angles on N2 and N12 as well as N5 and N9, respectively.
[m] Eight different bond angles on the peripheral non tin-coordinated N atoms. [n] Four different bond angles
on peripheral tin-coordinated N atoms. [o] Twelve different N�C�N bond angles involving the peripheral and
the central N atoms.

Figure 7. Cross sections of the crystal structures of a) K ACHTUNGTRENNUNG(C6N7O3H2)·2H2O
(5) and b) K2 ACHTUNGTRENNUNG(C6N7O3H)·1 H2O (6) demonstrating the layered arrange-
ment of the cyamelurate moieties.
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pyramids. This observation may be attributed to the largely
covalent Sn�C bond character compared with a significantly
larger ionic contribution in the case of the Sn�N bonds.

A completely different situation is found for the silyl com-
pound C6N7O3[SiACHTUNGTRENNUNG(CH3)3]3 (4). The solvent free crystals con-
tain isolated, p-stacked molecules. It is obvious from
Figure 9 that the molecular structure is derived from the
tautomeric form 1-4-7 of cyameluric acid (Scheme 2).

Similar to the above discussed salts 5 and 6 the 16-atom
cyameluric C6N7O3 unit is completely planar in both com-
pounds 3b’ and 4. The values for C�N bond lengths and N�
C�N as well as C-N-C bond angles do not deviate signifi-
cantly from the data found for other heptazine derivates
(compare Table 1). That is to say, the central N atoms form
the longest bonds to the surrounding carbon atoms with
atom distances of 1.38–1.41 S. Shorter are the C�N bonds
between the C(N3) atoms and the peripheral N(C2) atoms.
They are 1.32–1.33 S in case of the silicon compound 4. For
compound 3b’ these C�N bonds are slightly elongated when

the nitrogen atoms are coordi-
nating to a tin atom, that is,
1.34–1.35 S for C(N3)�N ACHTUNGTRENNUNG(Sn,C2)
bonds versus 1.30–1.33 S for
C(N3)�N(C2). An analogous sit-
uation is observed for the re-
maining C�N bonds of the hep-
tazine units: C(O)�N bonds are
1.34–1.37 S while C(O)�N(Sn)
bonds are 1.37–1.39 S for 3b’,
and 1.33–1.34 S for the silicon
compound 4. The C�O bond
length in 4 of 1.31 S is much

closer to a C ACHTUNGTRENNUNG(sp2)�O single bond than the C�O bond in 3b’
with an interatomic distance of 1.26–1.27 S, which can be
attributed to more ionic nature of the stannyl cyamelurate
as compared to the silyl compound. Cyamelurates
M3ACHTUNGTRENNUNG(C6N7O3)

[24] as well as a cyameluric acid DMSO solvate
are characterized by C–O distances of 1.26 S.

With respect to bond angles, the deviations of formerly
reported data for heptazine derivates are even smaller. The
N-C(O)-N angles of the Si compound 4 are 1288, which is
slightly increased when compared with the Sn compound
3b’ (122–1258). Values of 123–1358 were reported for other
heptazine compounds (see Table 1). All other angles within
the C6N7O3 units are in the range between 115 to 1228. De-
spite the differences in the C�O bond lengths mentioned

Figure 8. ORTEP diagram of [C6N7O3 ACHTUNGTRENNUNG(SnEt3)3]2·C2H4Cl2 (3b’) (ellipsoids
at 50 % probability). Only a selection of the atoms has been labeled. All
hydrogen atoms and the solvent molecules have been omitted for clarity
(compare Table 8).

Figure 9. ORTEP diagrams of C6N7O3 ACHTUNGTRENNUNG(SiMe3)3 (4) (ellipsoids at 50 %
probability) showing the molecular structure and the arrangement of the
molecules in the solid-state (compare Table 9). All hydrogen atoms have
been omitted for clarity. Methyl groups have been omitted in the two
packing diagrams.

Table 9. Selected interatomic distances and bond angles of 4 (compare Figure 9).

Bond length [S] Bond angle [8]

Si�O[a] 1.7050(14)–1.7088(13) C-Si-C[d] 110.64(14)–114.46(16)
Si�C[b] 1.826(3)–1.857(2) C-Si-O[d] 100.36(10)–109.95(10)
C�O[a] 1.309(2)–1.3131(19) Si-O-C[e] 126.43(12)–127.21(12)
C(O)�N[c] 1.332(2)–1.340(2) O-C-N[f] 114.59(15)–117.27(15)
N(C2)�C(N3)

[c] 1.323(2)–1.331(2) N-C(O)-N[e] 127.94(15)–128.22(15)
C(N3)�N7[a] 1.3994(19)–1.4048(19) C(O)-N-C[f] 116.12(14)–116.90(15)

N(C2)-C-N(C3)
[f] 118.95(15)–121.25(15)

C-N7-C[e] 119.92(12)–120.17(12)

[a] Range of three different bond lengths. [b] Nine different bond lengths. [c] Six different bond lengths.
[d] Nine different bond angles. [e] Three different bond angles. [f] Six different bond angles.
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above, the Sn-O-C and Si-O-C angles are also similar, that
is, 114–129 for 3b’ and 126–1278 for compound 4, respec-
tively. Interestingly, the Si atoms in 4 as well as the Sn
atoms in 3b’ are located in the same plane as the C6N7O3

units, as indicated by N-C-O-Si, O-C-N-Sn, N-C-N-Sn and
N-C-O-Sn dihedral angles, respectively, which are all smaller
than 158.

The molecules in 4 are p-stacked along the c axis as
shown in the lower part of Figure 9. The distance between
the disc-like molecules of ~3.5 S is close to the interlayer
distance between similarly p-stacked cyamelurate anions in
alkali cyamelurates, but bigger than the analogous distances
in other neutral molecular heptazine compounds such as
melem (C6N7 ACHTUNGTRENNUNG(NH2)3),[21] triazido-tri-s-triazine
(C6N7(N3)3),[8,23] or trichloro-tri-s-triazine (C6N7Cl3)

[4,26] (see
above). Although the disc-like C6N7O3-cyamelurate groups
and all tin atoms of 3b’ also form layers, no p–p interaction
is found in this structure. This is indicated by the relative
large distance between these layers, which is around 6 S.
The ethyl groups and the non-coordinating 1,2-dichloro-
ethane solvent molecules are located in the remaining space
between the layers.

Thermal Stability of 3b, 4, 5 and 6 : Recently, we reported
on the thermal stability of alkali cyamelurates M3 ACHTUNGTRENNUNG[C6N7O3].
The C6N7O3 unit turned out to decompose at ~500 8C. This
relatively high thermal stability was not found for the corre-
sponding alkali cyanurates.[24] The TGA measurements of
monopotassium cyamelurate and dipotassium cyamelurate
show that these compounds are thermally stable up to tem-
peratures around 400 8C. The decomposition temperatures
of monopotassium cyamelurate (~400 8C) and dipotassium
cyamelurate (~410 8C) are nearly identical. The TG curves
of both salts show one step in the temperature range be-
tween 40 and 200 8C which is attributed to the loss of crystal
water. The experimental value for the dehydration step in
case of the monopotassium salt 5 was 12.0 %, which is close
to the calculated value of 12.2 %, while this step in the case
of the dipotassium salt can be attributed to a loss of 1.5 mol-
ecules of water (calcd value=5.7 % for K2ACHTUNGTRENNUNG(C6N7O3H)·1 H2O
(6), exptl value=9.6 %).

The DTA curves of compounds 5 and 6 show successive
endothermic signals due to the evaporation of the crystal
water, followed by decomposition of the cyameluric nucleus.
The mass loss around 500–600 8C is not complete for both
salts 5 and 6. It is assumed that a potassium cyanate residue
is formed, which decomposes under a nitrogen atmosphere
above 750 8C.[51] This decomposition is accompanied by sev-
eral exo- and endothermic signals in the DTA curves.

The thermal behavior of C6N7O3[Sn ACHTUNGTRENNUNG(C2H5)3]3·C2H4Cl2

(3b’) and C6N7O3[SiACHTUNGTRENNUNG(CH3)3]3 (4) is significantly different
from the above discussed cyamelurate salts. The 1,2-di-
chloroethane solvent molecules of 3b’ evaporate even at
ambient temperature. The TG (and DTG) curve of the sol-
vent-free compound 3b indicates that thermal decomposi-
tion starts at around 132 8C followed by a sharp step cen-
tered at 235 8C, which is due to a mass loss of 44 %. This

step is accompanied by an endothermic DTA signal. A
second relatively sharp step of another 16 % in the TG
curve is located at 317 8C. A broader third step of 18 %
mass loss follows in the range between 360–480 8C. The
latter two steps in the TG curve of 3b are not characterized
by any significant endo- or exothermic effects as shown by
DTA. The final broad step between 540 and 690 8C on the
other hand, is caused by exothermic reactions and results in
another 15 % mass loss. The residual 17 % in mass does not
change until the final measurement temperature of 1000 8C
is reached.

In contrary to 3b the Si compound 4 melts without any
decomposition at around 200 8C, as indicated by a sharp en-
dothermic DTA signal. A characteristic sharp mass loss of
74 % is centered at 304 8C together with an endothermic
effect. This may be correlated with a condensation reaction
forming hexamethyl disiloxane (CH3)3SiOSi ACHTUNGTRENNUNG(CH3)3 and poly-
meric cyameluric acid anhydride [C6N7O1.5]n. Another clear
endothermic event is observed at 480–530 8C, but without
any decrease in mass. This temperature range is characteris-
tic for the decomposition of the hepatzine C6N7 and/or the
cyamelurate C6N7O3 units, as was pointed out for the alkali
cyamelurates and related compounds.[24,25] Finally, com-
pound 4 decomposes completely into volatile species as indi-
cated by as TG step at 652 8C and again an endothermic
DTA signal.

In summary, both heptazine derivatives 3b and 4 as well
as the salts 5 and 6 decompose at lower temperatures as
compared to the typical decomposition range found for the
tricyclic C6N7 motive. In case of 5 and 6 this may be due to
a deterioration of the conjugated p-system by protonation
of the cyamelurate anions. In case of the silicon compound
4, the decomposition is induced by the formation of the
stable and volatile disiloxane, while 3b thermally degrades
at a relatively low temperature of 235 8C, presumably due
the weak covalent bonds involving the tin atoms.

Conclusion

Analysis of the spectroscopic properties and in particular
the single crystal X-ray structures of the metal organic com-
pounds C6N7O3[Sn ACHTUNGTRENNUNG(C2H5)3]3·C2H4Cl2 (3b’) and C6N7O3[Si-
ACHTUNGTRENNUNG(CH3)3]3 (4) as well as the mono- and dipotassium salts
K ACHTUNGTRENNUNG(C6N7O3H2)·2 H2O (5) and K2ACHTUNGTRENNUNG(C6N7O3H)·1 H2O (6) reveal
a detailed picture of the solid-state structures. Compounds 5
and 6 are examples for derivates of the carbonyl tautomers
of cyameluric acid, while most other structurally character-
ized neutral and ionic species containing the cyameluric acid
nucleus are derived from the trihydroxy tautomer 1-4-7
(Scheme 2).

As indicated by multi-nuclear solid-state NMR investiga-
tions and X-ray structures it is obvious that both salts, 5 and
6, are derived from the tri-carbonyl tautomer 2-5-8
(Scheme 2). Therefore, it can be predicted that the most
stable form of free cyameluric acid C6N7O3H3 has the same
structure with C3h symmetry. This conclusion is strongly sup-
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ported by very recent structural examinations of a DMSO
solvate[52] and a trihydrate[53] of cyameluric acid.

The thermal stability of 5 and 6 is decreased compared
with alkali cyamelurates M3ACHTUNGTRENNUNG(C6N7O3) as shown by decompo-
sition temperatures of 400 versus 500 8C for the hydrogen
free salts. The Si and Sn compounds C6N7O3[Sn ACHTUNGTRENNUNG(C2H5)3]3

(3b) and C6N7O3[Si ACHTUNGTRENNUNG(CH3)3]3 (4) also decompose well below
500 8C.

Compound 4 can be considered as a tris-trimetylsilyl ester
of 1-4-7, containing fourfold coordinated silicon atoms. The
tin compound 3b’, on the other hand, contains two different
bridging OSnEt3N as well as two different bridging
OSnEt3O and terminal NSiEt3 groups. The bridging tin
atoms are characterized by a fivefold coordination forming
trigonal bipyramids. The structural differences between 3b’
and 4 may simply be explained by the higher affinity of Si
to oxygen compared with tin. PearsonPs HSAB concept can
also be used to explain the observed Sn–N coordination
(soft–soft), which is not found for the silicon compound
(hard–hard Si–O interactions).

Future experiments will show, if further derivatives of tau-
tomers of cyameluric acid can be synthesized. It appears
challenging to prepare representatives of all 17 tautomers
(Scheme 2). Even more challenging is the idea to synthesize
derivatives with different substituents in place of the three
hydrogen atoms. Coming back to the graphitic carbon(IV)
nitrides mentioned in the introduction, it remains an open
question if and how the networks II and IV in Scheme 3 can
be synthesized.

Experimental Section

General procedures, instruments and materials : All solvents and chemi-
cals were used in p.a. quality as obtained from the suppliers. 1,1,1,3,3,3-
Hexamethyldisilazane (HMDS) and 1,1,1,3,3,3-hexabutyldistannoxane
were purchased from ABCR.

Tripotassium cyamelurate K3 ACHTUNGTRENNUNG[C6N7O3] and cyameluric acid C6N7O3H3

were synthesized according to the literature.[24] In brief, a suspension of
melon powder (25 g) in a 2.5 molar aqueous KOH solution (250 mL) was
heated under reflux for 45 min. The hot reaction mixture was filtered and
slowly cooled to room temperature. Tripotassium cyamelurate was sepa-
rated, washed with ethanol and dried at 100 8C under vacuum. The acid
was obtained by precipitation with an excess of HCl (37 %). The white
precipitate was immediately filtered off, washed with distilled water and
dried at 100 8C under vacuum.

UV/Vis spectra were recorded with a Varian Cary 50 UV/Vis Spectro-
photometer. The measurements were performed by taking samples
during the pH-metric titration process.

FTIR spectra were obtained at room temperature using a Perkin Elmer
2000 FTIR spectrometer. The samples were thoroughly mixed with dry
KBr. The preparation procedures were performed in a glovebox under
dried argon atmosphere. The spectra were collected in a range from 400
to 4000 cm�1 with a resolution of 2 cm�1.

TGA/DTA measurements were recorded using a STA 429 (Netzsch Ger-
Htebau Gmbh). Under inert conditions 20 mg of the compound was filled
into an alumina crucible and heated to 1000 8C (heating rate: 2 Kmin�1)
in a nitrogen atmosphere.

Solid-state 1H, 13C and 15N MAS-NMR spectra were measured with a
conventional impulse spectrometer DSX Avance (Bruker) operating with
a resonance frequency of 400 MHz for 1H (B0=9.4 T). The samples were

filled in zirconia rotors (diameter 4 mm) and mounted in a standard
double-resonance MAS probe (Bruker). For all 1D MAS experiments
the rotation frequencies nrot varied between 7 kHz and 12 kHz. 1H and
13C resonances are reported with respect to TMS and the 15N signals are
referenced using nitromethane. Integration and deconvolution of the
MAS spectra were carried out with the commercial program package
MATLAB.[54]

1H MAS NMR data were acquired by exciting the FID with three back-
to-back 908 pulses.[55] The sequence is designed to eliminate unwanted
spectral contributions coming from the probe. The 908 pulse length was
adjusted to 3 ms and the recycle delay varied between 20 and 80 s to guar-
antee total rebuild of magnetization due to spin-lattice relaxation. For
the 13C and 15N MAS spectra 1H–X cross-polarization double resonance
experiments were performed with contact times tH in the range of 10–
40 ms. The long tH ensure even the excitation of heteroatoms which are
not covalently bonded to hydrogen. We employed a ramped cross-polari-
zation sequence[56] by linearly reducing the 1H radiation power from
100 % to 50%. The FID was recorded using broadband proton decou-
pling with a TPPM sequence.[57] To enable a complete assignment of the
15N resonances for compound 5 (K ACHTUNGTRENNUNG(C6N7O3H2)·2H2O) additionally a
cross-polarization polarization-inversion[21, 58] (CPPI) filtered 15N MAS
spectrum was collected. The polarization inversion time ti and nrot were
set to 200 ms and 5 kHz, respectively.

Single crystal X-ray data were recorded on a Bruker-Nonius-X8
APEXII-CCD diffractometer (3b’, 4 and 5) and on an Oxford Diffrac-
tion Excalibur-CCD diffractometer (6) with MoKa radiation. The struc-
tures were solved with direct methods, refined with full-matrix least-
squares methods, all non-hydrogen atoms were anisotropically refined.
Hydrogen atoms of 3b’ and 4 were placed in idealized positions and iso-
tropically refined. The acidic hydrogen atoms (N-H and O-H) of 5 and 6
were detected by analysis of the residual electron density and isotropical-
ly refined. In case of 5 bond length restraints (SADI; same N�H and O�
H bond lengths, respectively) were applied. Structure solution and refine-
ment on F 2 against all reflections with the software SHELXS-97 and
SHELXL-97 (G. M. Sheldrick, UniversitHt Gçttingen, 1986–1997).

CCDC-600 744 (3b’), -600 743 (4), -600 785 (5) and -602 567 (6) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif

Titration experiment : Potassium cyamelurate K3 ACHTUNGTRENNUNG[C6N7O3] (110 mg,
0.32 mmol) was dissolved in de-ionized water (50 mL) and titrated
against 0.1m HCl. An automated pH titration system equipped with a
Metrohm 713 pH meter was used. All measurements were performed at
room temperature and after calibration of the glass-calomel electrode to
ensure the accuracy of the pH values. At selected pH values the titration
was interrupted in order to measure the UV/Vis spectra depicted in
Figure 1.

Preparation of K2 ACHTUNGTRENNUNG(C6N7O3H)·1H2O (6): Compound 6 was also synthe-
sized by titration of a potassium cyamelurate K3 ACHTUNGTRENNUNG[C6N7O3] solution in de-
ionized water against 0.1m HCl. When a pH of 7.5 was reached a white
precipitate had formed, which was separated by filtration. Single crystals
of 6 were obtained from the filtrate by slow diffusion of ethanol vapor
into the solution at room temperature. White crystals of
K2 ACHTUNGTRENNUNG(C6N7O3H)·1H2O were separated and dried in a desiccator over anhy-
drous calcium chloride. FTIR (see also Figure 2): ñ = 3490(s), 2909(vw),
2830(vw), 2780(vw), 2752(vw), 1683(vs), 1476(vw), 1544(vs), 1476(m),
1450(m), 1402(vs), 1373(m), 1315 (m), 1183(w), 1141(m), 1116 (vw),
948(m), 888(w), 809(vs), 749(vw), 744(m), 662(vw), 647(vw), 616(vw),
541(vw), 465(s) cm�1; elemental analysis calcd (%) for K2C6N7O4H3

(315.35): C 22.85, H 0.96, N 31.09; found: C 22.99, H 1.14, N 30.76.

Preparation of K ACHTUNGTRENNUNG(C6N7O3H2)·2H2O (5): The above described titration
was continued until a pH of 4.5 was reached. After separation of a pre-
cipitated solid by filtration white crystals of 5 were obtained by diffusion
of ethanol into the solution via the vapor phase. The product was dried
in a desiccator over anhydrous calcium chloride. FTIR (see also
Figure 2): ñ = 3415(s), 3069(br), 2790(vw), 2358(vw), 2041 (vw),
1685(vs), 1597(vw), 1583(vs), 1511(vs), 1474(vw), 1429(m), 1368(vs),
1301(s), 1172(w), 1141(w), 1071(vw), 1006(vw), 948(m), 796(vs), 778(vw),
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692(vw), 680(w), 628(w), 605(w), 516(vw), 471(vw), 459(s) cm�1; elemen-
tal analysis calcd (%) for KC6N7O5H6 (295.26): C 24.41, H 2.05, N 33.21;
found: C 24.48, H 2.15, N 33.14.

Preparation of tris(trimethylsilyl)cyamelurate C6N7ACHTUNGTRENNUNG(OSiMe3)3 (4): Com-
pound 4 was synthesized by heating cyameluric acid (2 g, 9 mmol) with
1,1,1,3,3,3-hexamethyldisilazane (HMDS) (3.55 g, 22 mmol) in the pres-
ence of (NH4)2SO4 as a catalyst for 10 h at 160 8C under nitrogen, a white
amorphous powder formed which was dried at 100 8C under vacuum.
Yield: 3.84 g, 97% (lit. :[45] 71.5 %); m.p. 179–198 8C (lit. :[45] 198–199 8C);
FTIR (see also Figure 2): ñ = 2963(w), 2903(vw), 1658vs), 1451(vs),
1294(w), 1256(vs), 1152(w), 1098(s), 1060(vw), 1011(m), 912(vw), 879(vs),
844(vs), 812 (w), 704(m), 636(m), 581(vw), 571(w), 447(w) cm�1. Single
crystals suitable for X-ray structure analysis were obtained by recrystalli-
zation from pentane.

Preparation of tris(tri-n-butylstannyl)cyamelurate [C6N7O3(Sn ACHTUNGTRENNUNG(nBu)3)3]
(3a): Compound 3a was synthesized by heating cyameluric acid (2.5 g,
11.3 mmol) with hexabutyldistannoxane (10.8 g, 18.14 mmol) for 6 h at
150 8C under nitrogen. A white amorphous powder is separated and dried
at 100 8C under vacuum. Yield: 11.7 g, 95 % (lit. :[45] 97.5 %); softening
point=102 8C (lit. : [45] >105 8C); FTIR (see also Figure 2): ñ = 2957(vs),
2900(vs), 2846(vw), 2853(s), 1666(vw), 1654(s), 1606(w), 1522(vs),
1526(vs), 1458(w), 1427(vw), 1398(s), 1375(vw), 1297(vw), 1292(w),
1195(vw), 1146(w), 1195(w), 1146(vw), 1073(m), 838(vw), 959(vw),
928(vw), 876(m), 811(m), 771(vw), 670(m), 599(m), 517(w), 454(vw),
449(m) cm�1; elemental analysis calcd (%) for C42H81N2O3Sn (780.83): C
46.36, H 7.50, N 9.01; found: C 46.30, H 7.98, N 9.28.

Preparation of tris(triethylstannyl)cyamelurate [C6N7O3 ACHTUNGTRENNUNG(SnEt3)3] (3b):
Compound 3b was synthesized by heating cyameluric acid (1.034 g,
4.67 mmol) with hexaethyldistannoxane (2.99 g, 7.02 mmol) for 20 h at
130 8C under nitrogen in the presence of dry toluene as a solvent. A
white amorphous powder had formed, which was separated and dried at
100 8C under vacuum. Yield: 3.70 g, 95%; m.p. 280 8CACHTUNGTRENNUNG(decomp); FTIR: ñ
= 3482(vw), 3329(m), 3118(vw), 3059(vw), 2949(s), 2868(s), 2770(w),
2726(vw), 2347(vw), 2339(vw), 2265(vw), 2133(vw), 2059(vw), 1685(s),
1652(s), 1605(vw), 1584(vw), 1540(vs), 1479(s), 1451(s), 1403(vs),
1369(w), 1314(m), 1260(w), 1192(w), 1141(m), 1141(w), 1080(w),
1016(m), 957(m), 885(vw), 824(vw), 806(vs), 773(vw), 747(w), 675(s),
647(vw), 600(vw), 518(s), 464(s), 421(vw), 394(w) cm�1; elemental analy-
sis calcd (%) for C24H45N7O3Sn3 (835.80): C 34.49, H 5.49, N 11.73;
found: C 33.50, H 5.16, N 12.97. Single crystals of the solvate [C6N7O3-
ACHTUNGTRENNUNG(SnEt3)3]2·C2H4Cl2 (3b’) suitable for X-ray structure analysis were ob-
tained by recrystallization from dichloroethane.
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