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Abstract —Previously unknown tetrabutylammonium and tetraphenylphosphonium isocyanurates were
prepared, and their IR spectra were examined. The crystal structure of tetraphenylphosphonium isocyanurate

was determined.

The supramolecular chemistry, an actively develop-
ing field of science [1, 2], is based on weak inter-
molecular interactions such as coordination and hy-
drogen bonding, van der Waals interactions, and n—=
overlap. The capability of isocyanuric acid (1,3,5-tri-
azine-2,4,6-trione, 1) and its anions to form supramo-
lecular structures is determined by their capability for
hydrogen bonding.

Isocyanuric acid is of interest in view of the possi-
bility of preparing hydrogen-bonded polymeric ani-
ons, which can be used as components of conducting
organic compounds. Isocyanuric acid is weak and
forms mono-, di-, and trisubstituted salts with various
metals [3, 4]. Mono- and disubstituted sdts are
formed most readily, whereas preparation of trisubsti-
tuted salts requires a large excess of a strong alkali.
Numerous inorganic salts of isocyanuric acid have
been reported; however, isocyanurates of organic and
heteroorganic cations are unknown.

Our gods were to prepare two onium salts of iso-
cyanuric acid, tetrabutylammonium isocyanurate |1
and tetraphenylphosphonium isocyanurate 111, to
study their spectra, and to determine the crystal struc-
ture of I11.

Cyanuric acid exhibits keto—enol tautomerism; the
free acid in the crystals exists in the keto form (iso-
cyanuric acid) [5], and in its coordination compounds
the coordination occurs via N rather than O atom [6].
Monosubstituted isocyanurates of alkali and akaline-
earth metals are prepared by treatment of the acid with
excess metal hydroxide [7-9]. Isocyanurates of other
metals, including transition metals (Cd, Mn, Co, Cu,
Ni), are prepared from sodium or potassium isocyan-
urate [10-12].

Organic and heteroorganic (onium) salts of isocy-
anuric acid can be prepared either by the reaction with

an akylammonium hydroxide, similarly to inorganic
sdts, or by the exchange of a monosubstituted inor-
ganic salt with tetraakylphosphonium bromide or
chloride. Onium salts crystallize from water in the
form of crystal hydrates of the approximate composi-
tion PPh;(C3H,N;0;) - 3H,0, readiily soluble in
organic solvents. The crystal hydrates lose water on
recrystallization from absolute solvents. However, the
anhydrous salts take up moisture in air. Therefore, the
IR spectra of the anhydrous salts, recorded without
special precautions, are virtually identical to those of
the crysta hydrates.

The main characteristic vibration frequencies of
salts Il and 111, isocyanuric acid, and its monosubsti-
tuted Na and K salts [3, 7] are given in Table 1. The
characteristic frequencies of isocyanuric acid [13-17]
at 1450-1600 cm™, correspond to the stretching
vibrations v(C-N) + v(C=N) of the conjugated sys-
tem of the s-triazine ring; the bending modes of this
ring give bands at 784-810 cm L. The C=0 stretching
vibrations are manifested at 1695-1720 cm™, and
v(NH) vibrations of the ring amide groups, at 2828-
2907 cmt. The spectra of the onium salts obtained
resemble both the spectrum of the acid and the spectra
of monosubstituted alkali metal isocyanurates, sug-
gesting the presence of the (C3H,N;Og)” ion [18].

The differences in the characteristic frequencies in
the spectra of the onium salts are associated with
changes in the intermolecular interactions in the crys-
tals, caused by incorporation of bulky organic or
heteroorganic cations. Furthermore, in contrast to the
inorganic salts, the cationic moiety also contributes
to the spectrum. The spectra of I and |11 are largely
similar, with the following differences. In the spec-
trum of 11, compared to that of 111, the C=N stretching
band is split, the ranges of the stretching frequencies
of the ring and C-N bonds are broader (by 34 and
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Table 1. IR spectra of isocyanuric acid and its salts, v, cm™t

Vrggteron Compound | Ma?]r;osr}ébs;ltltr;e%f ll\la Compound 11 Compound 111
v(NH) + 3445, 3117, 3024, |[3490-2700 3536, 3449, 3144, 3041, | 3426, 3141, 3055, 2965,
hydrogen bond | 2850, 2781 2959, 2874, 2840 2813
v(C=0) 1778, 1724 1740, 1710 1740, 1712 1739, 1710
v(C=N) 1680, 1645 1691, 1652, 1629 1676
v(C3N3) 1589, 1471 1600, 1480, 1440 1598, 1485, 1416 1587, 1558, 1484, 1439
v(C-N) 1399 1390-1350 1383, 1325 1385, 1357
3(NH) 1226 1260-1221 1247 1246
v(C-0) 1054 1090-1030 1166, 1109, 1086, 1069, | 1160, 1107, 1072, 1023

1032
3(C3N3) 875 990-835 992, 922, 882, 845 997, 877
1(C=0) 774 790-710 789, 738, 707 794, 760, 723
3(C=0) 537 565-535 557, 530 550, 528
3(NCO) 460 480-420 476 470

30 cm™, respectively), and the 5(C;N5) and (C=0)
bands are shifted to lower frequencies. As in the inor-
ganic salts, the NH vibration frequencies depend on
the cation.

As compared to the acid, the existence of the anion
in the enol form becomes more probable. As a result,
the C=0 sretching bands shift toward lower frequen-
cies (from 1778 and 1724 to 1740 and 1710 cm™),
characteristic of conjugated carboxamide groups, and
a C=N stretching band appears at 1690-1630 cm™
The splitting and broadening of the v(C-0), 6(C—O)
and n(C=0) bands and the shift of the 6(NH) band
relative to the initial acid are caused by the arising
nonequivalence of the intramolecular and intermolecu-
lar bonds in the salts.

The crystal structure of Il was refined in space
group P1. The structure consists of two independent
Ph,P" cations (a and b) related by the symmetry
pseudo-center in the point ~(0.5, 0.5, 0.5) and four
independent, randomly disordered isocyanurate anions:
two mutually overlapping anions (c and €) related by
the symmetry pseudo-center in the point ~(0, O, 0) and
two mutually overlapping anions (d and f) related by
the symmetry pseudo-center in the point ~(0, 0.5, 0).
Theinitial occupanciesof all the atoms of these anions
were taken as 0.5. Then the occupancies o(c), o(d),
o(e), and o(f) were refined by the least-squares method
(along with the other structural parameters) assuming
that o(c) = o(d) and o(e) = o(f) =1 - o(c) = 1 — o(d).

In the least-squares refinement of this pseudo-
centrosymmetrical structure of 111, relatively soft
equality conditions of the SADI type [19] were im-
posed on al the structurally equivalent bonds and

interatomic distances. The results of this refinement
are given in the Experimental. We obtained the fol-
lowing total occupancies of the atoms of the randomly
disordered isocyanurate anions. o(c) = o(d) = 0.817(2)
and o(e) = o(f) = 0.183(2).

The molecular-ionic structure of 111 in the crysta
is shown in Figs. 1 and 2. Two independent Ph,P"
cations (a and b) have a usual structure and similar ge-
ometries. The P-C bond lengths are within 1.788(2)—
1.801(2) A. The average value, 1795(5) A, amost
concides with the mean (for C;-P"-C,, fragments)
P-C bond length, 1.793(11) A [20]. The CPC bond
angles in these cations are within 108.2(1)°-111.2(1)°,
and the average value, 109.47°, is precisely equal to
the tetrahedral angle.

In the crystal structure of 111, the randomly disor-
dered isocyanurate anions (c, d e f) are planar to
within +[0.004(2)-0.028(10)] A (for the nine non-
hydrogen atoms). Within the experimental error, these
anions have the C,, local symmetry wrth the twofold
axis passing through the O3, C3, and N® atoms (the
atom numbering is the same as in Figs. 1 and 2; here
and in Table 2, indices c, d, e, and f at the atom num-
bers are omitted for brevity). The mean bond lengths
and angles in the isocyanurate anions in |11 (Table 2)
are typical of these anions [4].

In the crystal structure of III, the isocyanurate
anions are linked in infinite (running along b-axis)
chains by N-H---O=C hydrogen bonds. Each anion
(c, d, e f) isinvolved in four such H bonds (two from
each side) (Figs. 1, 2). The interatomic distances and
angles corresponding to these interanionic H bonds are
as follows: N-H 0.86 and N---O 2.746(10)-2.787(3) A
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Fig. 1. Molecular-ionic structure of salt I11 in the crystal (projection along x-axis). The H atoms in Ph,P* cations (a and b)
and disordered cyanurate anions with low occupancies (e and f) are omitted for clarity.

Fig. 2. Randomly disordered infinite chains ---c---d---c---d--- and ---e--f---e--f--- of randomly disordered isocyanurate anions c, d, €,
and f in the crystal structure of 111 (projection along x-axis). The interanionic hydrogen bonds N-H---O=C are shown by dashed

lines.

[average 2.77(1) A], Z(N-H---O) 161°-172° [average
167(3)°]. In al the isocyanurate anions, the O% and N3
atoms are not involved in H bonds.

Since the isocyanurate anions are randomly disor-
dered, the infinite H-bonded chains formed by them
are also randomly disordered. Namely, the same place

of the structure of 111 can be occupied with 81.7%
probability by a chain of anions ¢ and d and with
18.3% probability by a chain of anions e and f

(Fig. 2).

There are no other H bonds in the crystal structure
of 111. All the other short interionic interatomic con-
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Table 2. Average bond lengths (d) and average bond
angles (®) in the isocyanurate anions in I, taking into
account the local symmetry (C,,) of the anions

Bond d A Angle o, deg
o'=Cl, 0%=C? |1.243(2) |CINIC3, C2N2C® |124.1(3)
03=C? 1.216(2) | CIN3C? 118.0(2)
N1-Cl, N2-C? [1.383(2) |OICINT, O%C2N2  |117.3(2)
N1-C3 N2-C® |1.363(3) | OICINZ, O%C2NS  |122.2(2)
N3-C1, N3-C? |1.338(2) [NICIN3, N2C2N® |120.5(2)

O3C3NL, O3C3N?  |123.6(2)
N1C3N2 112.8(2)

tacts are close to, or dightly shorter than the sums of
the corresponding van der Waals atomic radii. The
cations are linked with anions by van der Waals and
ionic interactions.

EXPERIMENTAL

Isocyanuric acid, tetraphenylphosphonium bromide,
and tetrabutylammonium hydroxide (Aldrich) were
used without additional purification. The IR spectra
were recorded on a Perkin-Elmer-1720X Fourier
spectrometer (KBr pellets).

Tetrabutylammonium isocyanurate 11. Isocyan-
uric acid | (2.58 g) was dissolved in warm (60°C)
EtOH, and 17.3 g of 30% agueous solution of
NBu,OH (corresponds to 0.02 mol of anhydrous tetra-
butylammonium hydroxide) was dissolved in EtOH.
The solutions were combined and stirred at 60°C for
1 h. The solvent was removed on a rotary evaporator,
and the residue was recrystallized from acetone. Salt
Il was obtained as fine neelde-like crystals. IR spec-
trum, v, cmt: 3536, 3449, 3144, 3041, 2959, 2874,
2840, 1740, 1712, 1691, 1652, 1629, 1598, 1485,
1416, 1383, 1325, 1247, 1166, 1109, 1086, 1069,
1032, 992, 922, 882, 845, 789, 738, 707, 557, 530,
476. Found, %: C 61.3; H 10.9; N 15.4. C;gH3sN,Os.
Calculated, %: C 61.6; H 10.3; N 15.1.

Tetraphenylphosphonium isocyanurate I11. 1so-
cyanuric acid | (2.58 g) was added to a hot solution
of 1.12 g of KOH in 30 ml of water, and the solution
was heated until the acid completely dissolved. The
resulting solution was mixed with a solution of 8.38 g
of tetraphenylphosphonium bromide in 20 ml of water
and refluxed for ~1 h. The precipitate that formed on
cooling was filtered off and recrystallized from water.
The crystal hydrate of the approximate composition
PPh,(C3H,N;03) - 3H,0 was obtained as long plates.
Found, %: C 61.7; H 4.1; N 9.4. C,;H,gN;O4P. Cal-
culated, %: C 62.2; H 54, N 8.1.

Anhydrous salt 111 was obtained by recrystalliza-
tion of the crystal hydrate from absolute ethanol or
chlorobenzene. Found, %: C 69.2; H 4.6; N 9.2.
C,,H,,N3O4P. Calculated, %: C 69.4; H 4.7; N 9.0.
Single crystals of |11 for X-ray diffraction study were
obtained by recrystallization from chlorobenzene. IR
spectrum, v, cm Y 3426, 3141, 3055, 2965, 2813,
1739, 1710, 1676, 1587, 1558, 1484, 1439, 1385,
1357, 1246, 1160, 1107, 1072, 1023, 997, 877, 794,
760, 723, 699, 615, 550, 528, 470.

Single crystal X-ray diffraction study of I11. The
unit cell parameters of the crystals of 111 and the three-
dimensional set of reflection intensities were obtained
with an Enraf-Nonius CAD-4 autodiffractometer
(MoK, radiation, graphite monochromator). Crystals
of Il are triclinic; (CyHyP)"(CsHN3O)™, M
467.45; a 9.571(2), b 11.670(2), ¢ 11.705(2) A; o
73.34(2)°, B 86.25(2)°, v 72.49(2)°; V 1194.1(4) A3,
Z 2; dgy. 1.300 gcm™; w(MoK,) 0.149 mm, space
group P1.

The intensities of 7283 reflections were measured
in the reciprocal space hemisphere (26 < 60°), /26
scanning mode, crystal size 0.23 x 0.39 x 0.57 mm.
The intensities were measured in the special mode
in which the final scanning was performed for al,
including very wesk, reflections.

The structure of 111 was solved by the direct meth-
od and refined by the full-matrix least-squares method
on F%(hkl) in the approximation of anisotropic thermal
vibrations of al nonhydrogen atoms (including dis-
ordered atoms). In the refinement, we used almost all
the measured reflections [including very weak with
I < 20(1)], except severa reflections for which the
measured and calculated F? values were poorly con-
sistent.

In the crystal structure of 111, the majority of the
H atoms of two independent Ph,P* cations were loca-
lized by the differential Fourier synthesis. Then the
coordinates and individual isotropic thermal param-
eters of all the H atoms, including those of the dis-
ordered isocyanurate anions, were unambiguously
calculated using the rider model [19] in the course of
refinement of the structure of I11. Using the least-
squares method, we also refined the absolute structure
parameter ¥ [21] and obtained the value of 0.56(11),
indicating that the noncentrosymmetrical crystal is a
racemic twin.

In the last cycle of the full-matrix refinement, the
absolute shifts of all the 777 varied parameters of 111
were less than 0.001s. The fina refinement param-
eters [19] were as follows: R; 0.037 and wR, 0.098
for 6100 observed reflections with | > 25(1); R; 0.046
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and WR, 0.123 for all the 7283 measured unique re-
flections; goodness of fit S 1.03. In the final differen-
tial Fourier synthesis, —0.17 < Ap < 0.24 e A=, The
f curves and anomalous dispersion corrections to them
(Af" and Af") were taken from the International
Tables [22]. All the computations were performed
with the SHELX-97 programs [19]. The atomic coor-
dinates are filed at the Cambridge Structural Database.

ACKNOWLEDGMENTS

The study was financially supported by the Russian
Foundation for Basic Research (project no. 01-03-
33009).

REFERENCES

1. Moulton, B. and Zaworotko, M.J., Chem. Rev., 2001,
vol. 101, no. 6, p. 1629.

2. Besatty, A.M., Cryst. Eng. Commun., 2001, p. 51

3. Seifer, G.B., Koord. Khim., 2002, vol. 28, no. 5,
p. 323.

4. Cambridge Structural Database System, Ver. 5.23,
2002.

5. Wiebenga, E.H., J. Am. Chem. Soc., 1952, vol. 74,
no. 21, p. 6156.

6. Sysoeva, T.F., Branzburg, M.Z., Gurevich, M.Z., and
Starikova, Z.A., Zh. Srukt. Khim., 1990, vol. 31,
no. 4, p. 90.

7. Roginskaya, Ts.N., Finkel’shtein, A.l., and Ermolae-
va, A.K., Zh. Prikl. Spektrosk., 1971, vol. 14, no. 4,
p. 655.

8. Eliseev, A.A., Seifer, G.B., and Pavlushkina, S.N.,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22

385

Zh. Neorg. Khim., 1984, vol. 29, no. 9, p. 2424.
Hantzsch, A., Ber., 1906, vol. 39, p. 153.
Eritsyan, M.L., Safaryan, E.P., Eritsyan, N.P., and
Avakyan, SN., Koord. Khim., 1982, vol. 8, no. 10,
p. 1383.

Gurevich, M.Z., Branzburg, M.Z., and Dyatlova, N.M.,
Zh. Neorg. Khim., 1982, vol. 27, no. 3, p. 711
Branzburg, M.Z., Sysoeva, T.F., and Shugal, N.F.,
Koord. Khim., 1986, vol. 12, no. 12, p. 1658.
Shtenberg, B.Ya., Mushkin, Yu.l., and Finkel’shtein,
A.l., Opt. Spektrosk., 1974, vol. 36, no. 5, p. 901.
Shtenberg, B.Ya, Mushkin, Yul., and Finkel -
shtein, A.l., Zh. Prikl. Spektrosk., 1975, val. 23, no. 4,
p. 681.

Finkel’shtein, A.1., Opt. Spektrosk., 1958, vol. 5, no. 3,
p. 264.

Finkel’shtein, A.1., Opt. Spektrosk., 1959, vol. 6, no. 1,
p. 33.

Boitsov, E.N. and Finkel’shtein, A.l., Opt. Spektrosk.,
1959, vol. 7, no. 4, p. 482

Sheinker, Yu.N. and Pomerantsev, Yu.l., Zh. Fiz
Khim., 1959, vol. 33, no. 8, p. 1819.

Sheldrick, G.M., The SHELX-97 Manual, Gottingen:
Univ. of Gottingen, 1997.

Allen, F.H., Kennard, O., Watson, D.G., Brammer L.,
Orpen A.G., and Taylor, R., J. Chem. Soc., Perkin
Trans. 2, 1987, no. 12, p. SL

Flack, H.D., Acta Crystallogr., Sect. A, 1983, val. 39,
no. 6, p. 876.

International Tables for Crystallography, Dordrecht:
Kluwer Academic, 1992, Vol. C.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.75 No.3 2005




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


