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Iminophosphorane derivatives of s-triazine and tri-s-triazine, C3N3(NQPCl3)3 (1),

[H2C3N3NH2(NQPPh3)2]Br2 (2), [HC3N3NH2(NQPPh3)2]Br (3), C6N7(NQPCl3)3 (5),

[HC6N7(NQPCl3)3]Cl (6) were obtained by the Kirsanov reaction of melamine (1–3) and melem

(5 and 6) with halogenated phosphorus compounds. The products were characterized by FTIR

and solution NMR spectroscopy as well as by single-crystal X-ray diffraction. Additionally,

in order to investigate the electron density distribution in the s-triazine or s-heptazine systems

combined with the phosphinimine group, and to understand the influence of protonation on the

triazine and heptazine moieties, quantum chemical analyses of compounds 2, 3, 5 and 6 were

performed. Furthermore, by reaction of 5 with phenol the compound C6N7(NQP(OPh)3)3 (7) was

obtained. Its potential application as a flame retardant was examined by the UL 94

flammability test.

Introduction

In modern chemical and material science the s-triazine and

tri-s-triazine1 (Scheme 1) structural motifs have become more

and more important key building blocks for setting up

2-dimensional CNx networks or as precursors for C3N4-phases,

which are predicted to have an extremely high hardness,

chemical inertness and biocompatibility.2 Especially within

the last decade numerous reports addressing industrial and

scientific application of the s-triazine and s-heptazine systems

have appeared.3,4 Probably one of the most intriguing potential

industrial applications of s-triazine and s-heptazine derivatives

is their use as key components of halogen-free fire retardants

in cotton, resins and plastics.5,6

Those systems where the conjugated C–N system of triazines is

combined with phosphorus are of particular interest. Elemental

phosphorus as well as phosphorus compounds are already in

use as flame retardants and a synergistic effect has been

reported for a combination of nitrogen and phosphorus.7

Such compositions do not provide negative environmental

influence (as halogenated fire retardants do), and have therefore

been the subject of numerous patent applications.8

The synthesis of iminophosphoranes9 proved a convenient

strategy to combine the s-triazine or s-heptazine system with a

phosphorus-containing functional group. Since the discovery

of iminophosphoranes (Scheme 2) – which are also known

as iminophosphines, phosphinimides, (mono-)phosphazenes,

phosphonium azaylides or l5-phosphazenes – by Staudinger

and Meyer in 1919,10 two general synthetic routes for their

preparation have been established: (a) the Staudinger reaction,

which involves condensation of tertiary phosphines with

organoazides under elimination of a dinitrogen molecule,10

and (b) the Kirsanov reaction of phosphorus(V)-halides of the

type RnPX5�n and an amine (Scheme 3).11

In general, both of these approaches can serve for the

synthesis of s-triazine and s-heptazine-based phosphinimines.

The Staudinger reaction was successfully applied to synthesize

phosphinimino-s-triazines as early as 1923.12 Surprisingly, only

some years ago the 2,4,6-tris(triphenylphosphinimino)-s-triazine

and its derivatives 2,4-bis(triphenylphosphinimino)tetrazolo-

s-triazine and 2-triphenylphosphinimino-4-azidotetrazolo-

s-triazine were isolated and characterized by crystal structure

analysis.13 In contrast to the triazines, the phosphinimino

Scheme 1 s-Triazine and s-heptazine structural motifs and some of

their derivatives.

Scheme 2 General structure of the iminophosphoranes.
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derivatives of s-heptazine are significantly less investigated.

Several examples of 2,5,8-tris(phosphinimino)-s-heptazine

were reported by our group in 2006.8f,14 The compounds of

the type C6N7(NQPR3)3, where R = methyl, ethyl, i-propyl,

n-butyl, phenyl, m-cresyl, were prepared from cyameluric

azide and the respective triorgano-phosphine. Both the

explosive character of the starting materials (cyanuric15 and

cyameluric14b,16 azides) and their tedious synthesis have to be

pointed out as reasons that the Staudinger approach is

inconvenient for large-scale syntheses of triazine- and heptazine-

based iminophosphoranes. Hence, the Kirsanov reaction offers

an alternative approach to the phosphinimino derivatives of

s-triazine and s-heptazine. Melamine (2,4,6-triamino-s-triazine)

and melem (2,5,8-triamino-s-heptazine) (Scheme 1), both easily

available and chemically stable compounds, comprise three

amino-groups in their structure, which make them advantageous

starting materials for the Kirsanov reaction.

In this work we report the synthesis of s-triazine and

s-heptazine-based phosphinimines by the Kirsanov reaction

and their potential application as flame retardants. Furthermore,

computational investigations of electronic structures of

the obtained phosphinimino-s-triazines and phosphinimino-

s-heptazines were performed.

Results and discussion

Triazine-based iminophosphoranes

The first examples of triazine-based phosphonium salts

and iminophosphoranes (compounds of the type

{[C3N3(NH–PR3)3]
3+ 3Cl�} and C3N3(NQPR3)3 with

R = Cl, alkyl, aryl) synthesized by the Kirsanov reaction

were reported in 1969.17 Melamine and halogenated phosphines

were engaged as the starting materials. Since then, the

Kirsanov reaction remains the prevalent way to prepare

phosphorus-containing triazines.18 Among the first attempts

to produce triazine-based iminophosphoranes was the reaction

between melamine and phosphorus pentachloride, which

leads to formation of tris(trichlorophosphinimino)triazine

C3N3(NQPCl3)3 1, (Scheme 4).18c,19

Synthesis and spectroscopic characterisation. In order to

compare the reactivity of melamine and melem, we reproduced

the synthesis of 1, modifying the reaction conditions (see

Experimental Section and Scheme 4). Compound 1 was isolated

as a white powder, well soluble in polar organic solvents. In

the presence of trace amounts of water hydrolysis takes place,

resulting in PQN bond splitting and formation of melamine

and POCl3.

One of the common reagents for the Kirsanov reaction is

Ph3PBr2, which can be easily prepared by reacting PPh3 with

Br2 in 1,2-dichloroethane.20 Reflux of Ph3PBr2 with melamine

in a 3 : 1 ratio in o-dichlorobenzene resulted in the condensation

of two amino-groups of melamine with Ph3PBr2, thus generating

two PQN bonds and liberating HBr, which in turn protonated

two triazine nitrogen atoms, forming the ionic species 2

(Scheme 5). Furthermore, in an attempt to obtain neutral

2-amino-4,6-bis(triphenylphosphinimino)-s-triazine, compound

2 was treated with an excess of triethylamine in o-dichloro-

benzene. The deprotonation was not complete, yielding mono-

hydrobromide 3 instead of the expected product (Scheme 5).

Unfortunately, we did not succeed in further derivatisation

of 2 and 3 towards the tris(triphenylphosphinimino) derivative.

Changing the solvent (from o-dichlorobenzene to 1,2-dichloro-

ethane) did not improve the synthesis: upon prolonged reflux

of 2 with an excess of Ph3PBr2 in dichloroethane, triphenyl-

phosphine chloride–bromide Ph3PBrCl 4 (Scheme 6) was

isolated. The phosphine chloride–bromide 4 is formed by

exchange of the chlorine atoms of 1,2-dichloroethane with

triphenylphosphine dibromide.

Similar halide-exchange reactions were reported for the

complex species [(Z5-C5Me5)RhBr]2(m-Br)2, whereby the

compound [(Z5-C5Me5)RhCl0.67Br0.33]2(m-Cl0.95Br0.05)2 was

formed by recrystallisation from 1,2-dichloroethane,21 and

for a,a0-dibromo-o-xylene, which in 1,2-dichloroethane in

the presence of bis(N,N-diethyldithiocarbamato)nickel(II)

formed the a,a0-dichloro-o-xylene and the a,a0-bromochloro-

o-xylene.22

Scheme 3 Staudinger (a) and Kirsanov (b) reactions. R = alkyl, aryl;

X = Cl, Br, n r 3.

Scheme 4 Synthesis of tris(trichlorophosphinimino)-s-triazine 1.

Scheme 5 The Kirsanov reaction between melamine and triphenylphosphine dibromide and subsequent deprotonation of the obtained

compound 2.
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Compounds 2, 2-amino-4,6-bis(triphenylphosphinimino)-

s-triazine dihydrobromide [H2NH2C3N3(NQPPh3)2]Br2
and 3, 2-amino-4,6-bis(triphenylphosphinimino)-s-triazine

hydrobromide [HNH2C3N3(NQPPh3)2]Br, were isolated as

white solids, which proved soluble in polar organic solvents.

The isolated substances 1–3 were characterized by means

of FTIR- and NMR-spectroscopy and single-crystal XRD

analyses. The triazine-core stretching vibrations of 1 appear

as three signals at 1580, 1460 and 1250 cm�1 (the spectrum is

not shown here). In case of 2 and 3 these bands were found at

1615, 1520, 1320 and 1640, 1550, 1290 cm�1, respectively

(Fig. 1). The PQN valence vibrations of these compounds

appear at 1410 (1), 1390 (2) and 1330 (3) cm�1. Compared with

corresponding data reported for other iminophosphoranes

(1140–1370 cm�1),9 the position of these bands indicates a

relatively strong double bond character of the PQN units in

1–3. The NH2 scissoring and NH bending vibrations of the

amino groups in 2 and 3 appear at 1700 and 1640 cm�1,

respectively. Broad bands around 3000–3500 cm�1 represent

the N–H valence vibrations of the amino group in 2 and 3.

Several bands with medium and weak intensity between

2490 and 3300 cm�1 in the IR-spectrum of 3 incorporate the

N–H valence vibrations of 3 and N–H and C–H vibrations of

Et3NHBr and o-C6H4Cl2.

The 31P NMR spectra of 1, 2 and 3 exhibit one singlet each.

The resonance of 1 (in 1,2-dichlorobenzene) was observed at

7.1 ppm, whereas the signals of 2 and 3 arise at 18.8 and

21.1 ppm, respectively (in 1,2-dichloroethane). These chemical

shifts are in agreement with the data reported for similar

compounds.13 The 13C NMR spectrum of 1 represents a

doublet at 168.7 (2JP–C = 13.78 Hz), which was assigned to

the triazine ring. The 13C NMR spectra of 2 and 3 exhibit the

signals of phenyl rings, whereas the triazine-ring signals were

not detected.

Crystal structures. The crystal structure data and refinement

details for 1, 2 and 3 are summarized in Table S1 (see ESIw).

2,4,6-Tris(trichlorophosphinimino)-s-triazine 1 forms colourless

single crystals suitable for X-ray analysis upon cooling the

reaction solution down to 5 1C. Compound 1 crystallized

without solvent molecules in the triclinic space group P�1.

The asymmetric unit of 1 comprises two crystallographically

independent molecules of 1 (Fig. 2). Both molecules show

similar structural parameters, but different spatial orientation.

The least-squares planes of the triazine-cores (C1–C3 and

C4–C6) are inclined towards each other at an angle of

18.70(4)1.

The molecules of 1 are arranged in layers with an ABAB

order parallel to the (011) plane (Fig. 3).

Layer arrangements have already been observed in the

crystal structures of related s-triazine derivatives, e.g.

cyanuric acid C3N3(OH)3,
23 cyanuric chloride C3N3Cl3

24 or

tris(trimethylsilyl)cyanurate.25 While the layers in cyanuric

acid are held together by hydrogen bonds, the cyanuric

chloride structure is characterized by short (3.0 to 3.3 Å)

Scheme 6 Anion-exchange reaction between triphenylphosphine

dibromide and 1,2-dichloroethane.

Fig. 1 IR spectrum of compounds 2 and 3 in the range 400–4000 cm�1.

Fig. 2 Crystal structure and atom numbering scheme of 2,4,6-tris-

(trichlorophosphinimino)-s-triazine 1 (thermal ellipsoids at 50%

probability).

Fig. 3 The layer structure of 2,4,6-tris(trichlorophosphinimino)-

s-triazine 1, viewed along the a axis.
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Cl� � �N interactions.26 Such interactions were observed in case

of triazine systems24,27 as well as in heptazine chloride,28,29 and

are present in the crystal structure of 1 as well. In the latter

case four Cl� � �N contacts with relatively short (shorter or

equal to the sum of the chlorine and nitrogen van der Waals

radii, 3.30 Å30) interatomic distances are observed (Table 1).

These interactions are found within one layer, i.e. the

respective P, C and Cl atoms are roughly trigonal planar

arranged around the N atoms with the PNC, PNCl and CNCl

angles ranging between 1101 and 1281.

The triazine motifs of 1 have a slightly distorted hexagonal

structure. All three CNC angles in both molecules are very

close to 1141, whereas the NCN angles are significantly larger

(ca. 1261) (Table 2). These angles, together with the bond

lengths within the triazine ring of 1, are similar to those in

melamine31 and in alkali metal melaminates.32

The three PQN-groups of 1 are almost in plane with the

triazine ring (the deviation from the ring plane does not exceed

0.037(1) Å for N and 0.187(1) Å for P atoms) imparting C3

symmetry to the molecule. A comparison between the

C–N(QP) bonds indicates that C1–N4 is slightly shorter than

the other two (1.372(2) vs. 1.382(2) Å). The fact that the N5

and N6 atoms, contrary to N4, do participate in Cl� � �N
interactions leads to the assumption that the elongation of

the C2–N5 and C3–N6 bonds is a consequence of the donor–

acceptor interaction between the N5 and N6 and chlorine

atoms. A similar effect was found for the other molecule as

well. At the same time, the bond parameters of the C1–N4 and

C4–N10 are similar to the C–N(QP) bonds in

C3N3(NQPPh3)3,
13b where nitrogen atoms are not involved

in any donor–acceptor contacts.

The P–N bond distances in compounds 1–3, 5 and 6

(Tables 2 and 4) are typical for a PQN double bond (1.55 Å).33

But, with respect to a specific nature of the bonding in

iminophosphoranes9,34 a very polar single bond P+–N� is

preferred. Indeed, an analysis of the topological properties of

the electron density in 1, 2, 5 and 6 shows a predominantly

ionic P+–N� bond character (see quantum chemical analysis

below). Therefore we retain the formal ‘‘double-bond’’ PQN

throughout the schemes only for simplicity.

The P–N bond lengths in 1 of 1.540(1)–1.554(1) Å are

somewhat shorter than those found in C3N3(NQPPh3)3
(1.588(3) Å),13b in the corresponding monomer NCNQPPh3
(1.595(4) Å),35 in 2 (B1.615 Å) and in 3 (B1.606 Å). This P–N

bond shortening in 1 is enhanced by the electron-withdrawing

effect of the Cl-substituents, which increases the d+ charge on

the phosphorus atoms, and in turn the electron donation from

the nitrogen to the phosphorus atoms.

2-Amino-4,6-bis(triphenylphosphinimino)triazine dihydro-

bromide 2 crystallizes in the monoclinic space group P21/n

with one o-dichlorobenzene molecule per molecular unit. The

related compound 3 crystallizes in the triclinic space group P�1

as a triethylamine hydrobromide double salt which comprises

1.5 o-dichlorobenzene molecules per molecular unit. The

molecular structures of 2�o-C6H4Cl2 and 3�Et3NHBr�1.5
o-C6H4Cl2 are shown in Fig. 4.

Compounds 2 and 3 consist of the cations

[H2NH2C3N3(NQPPh3)2]
2+ and [HNH2C3N3(NQPPh3)2]

+,

respectively, and bromide anions. Interestingly, during the

conversion of 2 to 3, the proton remaining at the s-triazine

ring changes its position and protonates the nitrogen atom N1

(Fig. 4).

The deviation of the bromide anion positions from the

triazine-ring plane in 2 and 3 is less than 0.7 Å. Bromide

anions in 2 and 3 act as hydrogen bond acceptors, forming

several N–H� � �Br contacts with the cation (Fig. 4, Table 3).

The Br2 anion in compound 3 suffers disorder with a site

occupancy factor (s.o.f.) of 0.97 and 0.03. Site Br2a (s.o.f.

0.03) simulates unusually short contacts to some of the

triethylammonium C-atoms. We conclude that the triethyl-

ammonium ion is also disordered, but it was not possible to

detect the alternative sites with a s.o.f. 0.03 on the residual

electron density map.

Additionally, the bromide ions of 2 and 3 form several

C–H� � �Br contacts with neighbouring phenyl rings. The average

H� � �Br distances are about 3.2 Å and the C–H� � �Br bond

angles vary between 1101 and 1751.

The triazine motifs of the cationic units [H2NH2C3N3-

(NQPPh3)2]
2+ and [HNH2C3N3(NQPPh3)2]

+ are planar,

since the sum of the bond angles around the N and C atoms

are close to 3601; the phosphorus atoms exhibit slightly

distorted tetrahedral geometry (Table 4). The hexagonal

structure of the triazine rings suffers some distortion under

the influence of protonation. Consistent with the VSEPR

concept, the CNC angles at the protonated nitrogen atoms

are somewhat greater than the others. Similar effects were

observed in various melamine salts.36 The C1–N2 and C3–N3

Table 1 Intermolecular Cl� � �N distances in 1 (d o 3.3 Å)

Cl� � �N distances (Å) P–Cl� � �N angles (1)

Cl3� � �N12 2.943(5) P1–Cl3� � �N12 175.85(4)
Cl6� � �N6 3.196(1) P2–Cl6� � �N6 157.21(3)
Cl10� � �N5 2.986(5) P4–Cl10� � �N5 168.85(3)
Cl18� � �N11 3.215(1) P6–Cl18� � �N11 157.52(3)

Table 2 Selected bond lengths and angles for one of the two
independent molecules of 1

Bond lengths (Å) Bond angles (1)

P1–N4 1.546(1) C2–N1–C1 114.43(12) N5–P2–Cl4 118.22(5)
P2–N5 1.543(1) C2–N2–C3 113.80(12) Cl6–P2–Cl4 104.84(2)
P3–N6 1.548(1) C3–N3–C1 114.00(12) Cl5–P2–Cl4 102.76(2)
N1–C2 1.337(2) N1–C1–N3 125.59(14) Cl5–P2–Cl4 102.76(2)
N1–C1 1.344(2) N1–C2–N2 125.92(13) N6–P3–Cl9 105.97(5)
N2–C2 1.342(2) N3–C3–N2 126.26(13) N6–P3–Cl8 117.29(5)
N2–C3 1.347(2) N1–C1–N4 115.63(13) Cl9–P3–Cl8 104.79(2)
N3–C3 1.337(2) N3–C1–N4 118.78(13) N6–P3–Cl7 118.96(5)
N3–C1 1.345(2) N1–C2–N5 118.42(13) Cl9–P3–Cl7 104.19(2)
N4–C1 1.372(2) N2–C2–N5 115.66(13) Cl8–P3–Cl7 104.08(2)
N5–C2 1.385(2) N3–C3–N6 115.47(12)
N6–C3 1.382(2) N2–C3–N6 118.26(13)
Cl1–P1 2.0020(6) N4–P1–Cl3 107.95(5)
Cl2–P1 1.9978(5) N4–P1–Cl2 117.52(6)
Cl3–P1 1.9643(6) Cl3–P1–Cl2 104.29(2)
Cl4–P2 1.9920(5) N4–P1–Cl1 117.29(6)
Cl5–P2 1.9916(5) Cl3–P1–Cl1 104.67(3)
Cl6–P2 1.9673(5) Cl2–P1–Cl1 103.70(2)
Cl7–P3 1.9862(5) N5–P2–Cl6 108.31(5)
Cl8–P3 1.9811(5) N5–P2–Cl5 117.37(5)
Cl9–P3 1.9801(5) Cl6–P2–Cl5 103.78(2)
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bonds of 2 (1.386(4) Å) are significantly longer than those in 3

(1.332(3) Å) and in 1 (1.342(2) Å), with almost a single-bond

distance (1.39 Å).37 In contrast, in the case of 3 the C1–N1 and

C3–N1 bond lengths are somewhat elongated in comparison

with those of 1 and 2.

The C–N(QP) and C–NH2 bond distances in both

compounds have similar values, varying around 1.309(4) Å

in 2 and 1.331(3) Å in 3. These bonds are only slightly longer

than the isolated CQN double bonds (1.27 Å).37

The PQN bond lengths in both salts vary between 1.604(3)

and 1.623(3) Å, being in agreement with a partial double

bond character of the phosphinimino-groups. Similar bond

lengths of the Ctriazine–PQN motif were observed in

C3N3(NQPPh3)3.
13a The iminophosphorane-substituents in 2

and 3 are aligned in such a way that the Ph3P groups do not

hinder the protons accommodation by the triazine ring.

Dihedral angles P–N� � �N–P in 2 and 3 comprise 17.61 and

20.21, respectively.

As mentioned above, the treatment of 2 or 3 with Ph3PBr2 in

1,2-dichloroethane did not result in the formation of threefold

phosphinimino-substituted triazines but in partial halide

exchange between the solvent and Ph3PBr2. The asymmetric

unit of the chlorotriphenylphosphonium chloride/bromide 4

consists of 1/3 of the unit [(PPh3PCl)
+X��C2H4Cl2], i.e., the

rest of the Ph3PCl-cation is generated by a threefold rotation

axis, which includes the P–Cl bond. The 1,2-dichloroethane

molecule is threefold disordered by symmetry (as well as

statistically in a 1 : 1 ratio). The anion occupies two crystallo-

graphically different sites: the first position comprises 92%

bromide and 8% chloride occupancy, and second site reveals

occupancies of 65% for bromide and 35% for chloride. Thus,

the molecular composition of 4 has to be written as

[(PPh3PCl)
+(Br0.79Cl0.21)

��C2H4Cl2]. Crystallographic data

of 4 is represented in the supplementary informationw.

s-Heptazine-based iminophosphoranes

In contrast to melamine, which has been investigated in detail,

there exists far less knowledge about the reactivity of melem.

This also holds true for reactions of these amines with

compounds containing P-halogen bonds. The high thermal

stability of melem (up to 450 1C38) and chemical inactivity of

its amino-groups39 hinders the syntheses of further N-substituted

derivatives thereof and renders them very interesting targets at

Fig. 4 Molecular structure and the atom numbering scheme of (a) 2-amino-4,6-bis(triphenylphosphinimino)triazine dihydrobromide 2�o-C6H4Cl2
(position Br2* is generated from Br2 by symmetry operation (1 � x, 2 � y, 1 � z)) and (b) 2-amino-4,6-bis(triphenylphosphinimino)triazine

hydrobromide 3�Et3NHBr�1.5 o-C6H4Cl2 (o-C6H4Cl2 molecules are omitted for clarity; positions Br* and Br2# are generated from Br2 by

symmetry operation (1 � x, 1 � y, �z) and (x � 1, y � 1, z), respectively); thermal ellipsoids at 50% probability.

Table 3 Geometric parameters of the selected hydrogen bonds in 2�o-C6H4Cl2 and 3�Et3NHBr�1.5 o-C6H4Cl2. The position of Br2* is generated
from Br2 by symmetry operation (1� x, 2 � y, 1� z) for compound 2�o-C6H4Cl2 and positions Br* and Br2# are generated from Br2 by symmetry
operations (1 � x, 1 � y, �z) and (x � 1, y � 1, z) for compound 3�Et3NHBr�1.5 o-C6H4Cl2

D–H� � �A (1) D–H (Å) H� � �A (Å) D� � �A (Å) +D–H� � �A (1)

2-Amino-4,6-bis(triphenylphosphinimino)triazine dihydrobromide 2

N2–H2N� � �Br2* 0.72(4) 2.56(4) 3.244(3) 155(4)
N3–H3N� � �Br1 0.74(3) 2.54(3) 3.214(3) 153(3)
N5–H5NA� � �Br2* 0.83(4) 2.64(3) 3.335(4) 143(2)
N5–H5NB� � �Br1 0.90(5) 2.51(4) 3.305(3) 148(4)

2-Amino-4,6-bis(triphenylphosphinimino)triazine hydrobromide 3

N1–HN1� � �Br1 0.72(3) 2.76(3) 3.460(2) 163(3)
N6–H5NB� � �Br2* 0.86(2) 2.54(2) 3.349(2) 158(3)
N6–H5NA� � �Br2# 0.80(3) 2.81(3) 3.577(3) 163(3)
N7–HN1� � �Br1 1.02(3) 2.29(3) 3.308(3) 176(2)
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the same time. There is only one example of the Kirsanov reaction,

for the synthesis of the 2,5,8-tris(trichlorophosphinimino)-

s-heptazine 5 from melem and PCl5, which was referred to in

a patent application by our group.8f,14a In further studies we

optimized the reaction conditions and essentially increased the

yield of the reaction. Here we report this approach more

elaborately and provide detailed characterization of the

obtained product. The reactivity of the P–Cl bonds of 5 was

tested by its reaction with phenol. Relatively fast and

uncomplicated synthesis resulted in tris(2,5,8-triphenoxy-

phosphinimino)-s-heptazine 7. This compound was successfully

tested as a halogen-free fire retardant (see below).

Synthesis and spectroscopic characterisation. Compound 5

was synthesized in a similar manner to 1 (Scheme 7).

2,5,8-Tris(trichlorophosphinimino)-s-heptazine 5 is a white

to slightly yellow solid, soluble in THF and polar halogenated

solvents. Its behaviour towards water and alcohols is similar to

1, i.e., nucleophilic attack at phosphorus takes place.

Compound 5 reacts exothermically with alcohols and phenols

to give alkoxy or aryloxyiminophosphorane derivatives with

the formation of HCl gas. The relatively low melting point

together with good solubility and high reactivity makes 5 a

good starting substrate for further derivatisation. Thus, by

reaction with phenol, tris(2,5,8-triphenoxyphosphinimino)-

s-heptazine 7 was obtained (Scheme 8).

Compound 7 was isolated as a yellow solid, soluble in polar

organic solvents. It was characterised by means of NMR

and IR-spectroscopy and thermogravimetric analysis. By

recrystallization of the reaction product 5 from 1,2-dichloro-

ethane, colourless crystals of 6 were obtained (Fig. 5). According

to the single-crystal X-ray diffraction analysis of 6, it is an

ionic species, consisting of the cation [C6N7H(NQPCl3)3]
+

and a chloride counterion. 6 is a by-product, which was formed

during the synthesis of 2,5,8-tris(trichlorophosphinimino)-

s-heptazine 5 by protonation of one N-atom. The HCl molecule

can be removed under vacuum at 100 1C, giving the main

product 5.

The fact that protonation occurs at the heptazine ring,

leaving the PQN-groups unaffected, is evidence of the higher

basicity of the ring-N atoms. An analogous observation was

reported recently for melem itself, as it is protonated by

HClO4 and H2SO4 at the ring-N atoms.40

IR spectra of 5, 6 and 7 are depicted in Fig. 6. The stretching

vibrations of the heptazine ring of both compounds 5 and 6

appear as three strong bands at 1625, 1430 and 1270 cm�1.

Similar positions for the heptazine stretching vibrations

were observed for 7: 1630, 1415 and 1310 cm�1. Stretching

vibrations of the PQN-groups in 5 and 6 occur at 1370 and

1395 cm�1, i.e., similar to 1. In the IR spectrum of 7 this

band appears at 1390 cm�1. The P–Cl stretching, which is

represented by a medium vibration at 579 cm�1 in 5 and 6,

completely disappears in the case of 7, which is evidence of the

complete substitution of the Cl-atoms with phenoxy groups.

The NH-group of 6 is represented by a bending vibration at

1674 cm�1 and a broad stretching band at 2800–3100 cm�1.
31P NMR spectra of 5 and 6 reveal single peaks at 19.2 and

22.3 ppm, respectively. Both signals are shifted downfield with

respect to 1. This can be explained by a more pronounced

Table 4 Selected bond lengths (Å) and angles (1) for 2�o-C6H4Cl2 and
3�Et3NHBr�1.5 o-C6H4Cl2

2 3

P1–N4 1.622(3) P1–N4 1.607(2)
P2–N6 1.609(3) P2–N5 1.604(2)
N1–C1 1.345(4) N1–C1 1.377(3)
N1–C3 1.345(4) N1–C3 1.359(3)
N2–C2 1.336(4) N2–C2 1.351(3)
N2–C1 1.386(4) N2–C1 1.336(3)
N3–C3 1.388(4) N3–C3 1.332(3)
N4–C1 1.309(4) N4–C3 1.339(3)
N5–C2 1.311(4) N6–C2 1.331(3)
N6–C3 1.307(4) N5–C1 1.328(3)
C1–N1–C3 118.7(3) C1–N1–C3 121.3(2)
C2–N2–C1 121.9(3) C2–N2–C1 115.8(2)
C2–N3–C3 122.6(3) C2–N3–C3 116.1(2)
N1–C1–N2 120.3(3) N1–C1–N2 119.9(2)
N2–C2–N3 116.6(3) N2–C2–N3 126.7(2)
N1–C3–N3 119.5(3) N1–C3–N3 120.2(2)
N4–C1–N1 126.1(3) N5–C1–N1 115.1(2)
N4–C1–N2 113.6(3) N5–C1–N2 125.0(2)
N5–C2–N2 122.1(3) N6–C2–N2 116.8(2)
N5–C2–N3 121.3(3) N6–C2–N3 116.4(2)
N6–C3–N1 127.3(3) N4–C3–N1 116.5(2)
N6–C3–N3 113.3(3) N4–C3–N3 123.3(2)
C1–N4–P1 123.4(2) C1–N5–P2 124.1(2)
C3–N6–P2 129.8(2) C3–N4–P1 119.5(2)
C2–N2–H2N 118(3) C1–N1–H1N 116(2)
C1–N2–H2N 120(3) C3–N1–H1N 123(2)
H5NA–N5–H5NB 115(3) H5NA–N6–H5NB 120(3)
C2–N5–H5NA 124(3)
C2–N5–H5NB 121(2)
C2–N3–H3N 121(3)
C3–N3–H3N 116(3)

Scheme 7 Synthesis of 2,5,8-tris(trichlorophosphinimino)-s-

heptazine 5.

Scheme 8 Synthesis of tris(2,5,8-triphenoxyphosphinimino)-s-heptazine 7.
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electron-withdrawing behaviour of heptazine units relative to

triazine units, which leads to a deshielding of the phosphorus

nuclei.

The 31P NMR signal of 7 is strongly shifted upfield relative

to the signal of 5, and appears at �5.9 ppm. Clearly, upon

replacement of the Cl substituents on phosphorus by the

phenoxy groups the shielding of the P-atom significantly

increases. Similar chemical shift values were reported for

R–NQP(O-aryl)3 compounds.41

The 13C NMR spectrum of 5 shows two sharp signals with

low intensity at 167.5 and 156.5 ppm, which were assigned to

the heptazine ring. The same positions of these signals were

observed in the 13C-spectrum of 6. This fact can be explained

by rapid proton exchange between the protonated (6) and

non-protonated (5) species in solution, resulting in domination

by the form 5. The same observation concerns the solution
1H NMR spectrum of 6, where no N–H signal was detected. In

the 13C NMR spectrum of 7 only signals of phenoxy groups

with characteristic P–C coupling were observed, whereas the

heptazine signals were not detectable.

Crystal structures. The crystallographic data and refinement

details for compounds 5 and 6 are summarized in Table S1

(see ESIw). 2,5,8-Tris(trichlorophosphinimino)-s-heptazine 5

(Fig. 7) crystallizes in the trigonal space group R3c with one

o-dichlorobenzene molecule per heptazine molecular unit and

six molecular units in the unit cell. Selected bond lengths and

angles for 5 are given in Table 5. The asymmetric unit of 5

consists of 1/3 of a C6N10P3Cl9 molecule, whereas the rest of

the molecule is generated by a threefold axis, which intersects

the plane of the molecule in atom N3. The o-dichlorobenzene

molecule (1/3 of the asymmetric unit) is situated on a threefold

axis as well, hence the threefold disordered symmetry. Thus,

restraints of equal C–Cl bond lengths and identical C–C bonds

were applied in the refinement. Therefore, the bonding

parameters of the o-dichlorobenzene molecule are reasonable,

but not appropriate for discussion.

The molecules of 5 are arranged in layers parallel to the

[001] plane, in an ABCA0B0C0A order (Fig. 8). The heptazine

units of molecules of the A and A0, B and B0, and C and C0

layers, are situated directly one above the other (Fig. 9). The

heptazine moieties of the layers are sandwiched by solvent

molecules. The distances between the heptazine cores are

about 7 Å, whereas the heptazine–benzene planes are

Fig. 5 2,5,8-Tris(trichlorophosphinimino)-s-heptazine hydrochloride 6.

Fig. 6 IR spectra (KBr pellet) of 5, 6 and 7 in the range 400–4000 cm�1.

Table 5 Selected bond lengths and angles for 5 in the crystal structure
of 5�o-C6H4Cl2

Bond lengths (Å) Bond angles (1)

P1–N4 1.543(3) C2–N1–C1 117.1(2)
N1–C1 1.335(4) C2*–N2–C1 117.2(2)
N1–C2 1.326(4) C2–N3–C2* 120.00(1)
N2–C1 1.346(4) N1–C1–N2 127.0(3)
N2–C2* 1.328(4) N1–C1–N4 114.6(2)
N3–C2# 1.405(3) N2–C1–N4 118.3(3)
N4–C1 1.368(4) N1–C2–N2# 121.5(3)
Cl1–P1 1.969(1) N1–C2–N3 119.5(2)
Cl2–P1 1.967(1) N2–C2*–N3 119.0(2)
Cl3–P1 1.993(1) N4–P1–Cl2 118.9(1)

N4–P1–Cl1 106.2(1)
N4–P1–Cl3 117.1(1)

Fig. 7 Molecular structure of 5�C6H4Cl2 (thermal ellipsoids at 50%

probability; positions * and # are generated by symmetry operations

(�y, x � y, z) and (�x + y, �x, z), respectively).

Fig. 8 Layer structure of the compound 5 in the crystal structure of

5�o-C6H4Cl2 viewed along the b axis. The chlorine atoms are omitted

for clarity.
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separated by 3.482(3)–3.834(3) Å, with an angle between the

planes of about 7.51, providing suitable spatial characteristics

for weak p–p-interaction.
The s-heptazine skeleton C6N7 is planar, as indicated from

the sum of the angles, 360 (�0.2)1, around the C1, C2 and

N3 atoms. This finding is in accordance with known examples

of s-heptazine derivatives.29,42 The bonding character and

geometry of the s-heptazine rings are in agreement with the

relatively few known examples of s-heptazine derivatives (see

Table 1 in ref. 42a). Geometrical characteristics of the

C–NQP fragment in 5 are very similar to those in 1. The

P–N distance of 1.543(3) Å illustrates double bond character

between the phosphorus and the nitrogen atoms as discussed

above for compound 1.

In the case of 5, as well as in the case of 1, the crystal

structure is influenced by several Cl� � �N interactions. There

are four such contacts per asymmetric unit, i.e. twelve for the

whole molecule of 5 (Table 6).

In contrast to 1, there are no N� � �Cl interactions within the

layers. All observed N� � �Cl contacts appear between the

molecules of different layers, and are longer than in the case

of 1.

The ionic compound 2,5,8-tris(trichlorophosphinimino)-

s-heptazine hydrochloride 6 crystallizes in the monoclinic

space group P21/n, including one 1,2-dichloroethane

molecule in the asymmetric unit (Fig. 10). Geometric

parameters of 6 are summarized in Table 8. Compound 6

consists of the cation [C6N7H(NQPCl3)3]
+ and a Cl� anion,

which interact with one another via the hydrogen bridge

N4–H1� � �Cl12.
A computational study, performed for the hydrogen

bridged tri-s-triazine molecule and a Cl� anion (Chept.–H� � �Cl),

suggested H� � �Cl distances of 2.266 (2.234) Å,43 whereas the

value observed in 6 does not exceed 2.06(3) Å (Table 7). This

fact together with the N–H� � �Cl bond angle of 176.51 is

evident of relatively strong hydrogen bonding in 6.

The arrangement of the ions of salt 6may be considered as a

chain structure, where the chains are aligned in the [101] plane

(Fig. 10). The intermolecular interaction within the chains

occurs via short N8� � �Cl7 contacts between neighbouring

molecules. Inter-chain contacts occur between the heptazine

p system and a Cl12 anion. The parameters of the N� � �Cl
contacts, including interactions with the solvent, are listed in

Table 9.

Distances between the anion and the central N-atom of the

heptazine ring N7� � �Cl12 are only slightly longer than the

predicted value (3.067 Å).43

The orientation of the phosphinimino groups in 6 is

different from those observed for 5. Two of them, N8QP1

and N10QP3, are pointing in the same direction with a

dihedral angle of 3.51. The N9QP2 unit exhibits a dihedral

angle of 1371 with the P1QN8 moiety and 9.41 with the

N10QP3 group. Both, the C–N and the PQN bond distances

in 6 are considerably elongated relative to 5, this may be a

consequence of the heptazine ring protonation and partial loss

of its aromaticity.

Fig. 9 The molecules of the A and A0 layers of the compound 5 in the

crystal structure of 5�o-C6H4Cl2. The solvent molecules are omitted for

clarity.

Table 6 Intermolecular N� � �Cl distances and angles found in the
crystals of 5�o-C6H4Cl2 with d o 3.5 Å

Bond lengths (Å) Bond angles (1)

N1� � �Cl1 3.324(2) N1� � �Cl1–P1 132.09(7)
N1� � �Cl2 3.175(3) N1� � �Cl2–P1 156.67(7)
N4� � �Cl2 3.170(4) N4� � �Cl2–P1 155.26(8)
N4� � �Cl3 3.452(4) N4� � �Cl2–P1 143.90(8)

Table 7 Geometric parameters of the hydrogen bonds in 6�C2H4Cl2

D–H� � �A (1) D–H (Å) H� � �A (Å) D� � �A (Å) D–H� � �A (1)

N4–H4N� � �Cl12 0.94(3) 2.06(3) 2.994(2) 177(2)
C8–H8A� � �Cl12 0.99 2.70 3.471(2) 135

Table 8 Selected bond lengths and angles for 6�C2H4Cl2

Bond lengths (Å) Bond angles (1)

P1–N8 1.567(2) N1–C1–N8 116.4(2)
P2–N9 1.557(2) N1–C1–N6 126.2(2)
P3–N10 1.560(2) N8–C1–N6 117.4(2)
N1–C2 1.323(2) N1–C2–N2 120.5(2)
N1–C1 1.346(2) N1–C2–N7 120.3(2)
N2–C2 1.333(2) N2–C2–N7 119.2(2)
N2–C3 1.339(2) N2–C3–N9 119.5(2)
N3–C4 1.307(2) N2–C3–N3 126.3(2)
N3–C3 1.367(2) N9–C3–N3 114.2(2)
N4–C4 1.354(2) N3–C4–N4 120.8(2)
N4–C5 1.363(2) N3–C4–N7 122.9(2)
N5–C5 1.326(2) N4–C4–N7 116.2(2)
N5–C6 1.342(2) N5–C5–N10 121.9(2)
N6–C6 1.309(2) N5–C5–N4 123.5(2)
N6–C1 1.360(2) N10–C5–N4 114.6(2)
N7–C4 1.380(2) N6–C6–N5 120.3(2)
N7–C6 1.396(2) N6–C6–N7 119.3(2)
N7–C2 1.400(2) N5–C6–N7 120.4(2)
N8–C1 1.357(2) Cl1–P1–Cl3 105.88(4)
N9–C3 1.359(2) Cl2–P1–Cl3 106.26(4)
N10–C5 1.345(2) N9–P2–Cl6 106.30(7)
Cl1–P1 1.9605(7) N9–P2–Cl4 117.90(7)
Cl2–P1 1.9835(9) Cl6–P2–Cl4 105.90(3)
Cl3–P1 1.9852(8) N9–P2–Cl5 117.63(8)
Cl4–P2 1.9790(7) Cl6–P2–Cl5 104.09(3)
Cl5–P2 1.9863(7) Cl4–P2–Cl5 103.68(3)
Cl6–P2 1.9706(7) N10–P3–Cl7 105.88(6)
Cl7–P3 1.9550(7) N10–P3–Cl9 115.79(7)
Cl8–P3 1.9785(7) Cl7–P3–Cl9 106.25(3)
Cl9–P3 1.9872(8)
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Quantum chemical analysis

The electronic structures of triazine44 and heptazine and some

of their derivatives43,45,46 have been studied earlier with

quantum chemical methods. The conjugated system of the

heptazine unit has a very strong positive electrostatic

potential,45 which makes the ring suitable as a receptor for

anion recognition.43

The interesting rearrangement of the proton during the

deprotonation of 2 and formation of 3 in solution is evidence

of the thermodynamic stability of this tautomer. This fact

motivated us to perform calculations of the relative energy of 3

and its possible isomers (Fig. 11). In order to distinguish

experimental from optimized geometries, the latter were

denoted in the computational analyses as 3a–d.

As follows from the energy calculations, compound 3a is the

most stable isomer. For instance, the formal product of direct

deprotonation of 2, isomer 3c, is 65.2 kJ mol�1 higher in

energy than 3a. Two further isomers 3b and 3d with modified

positions of triphenylphosphinimino substituents show relatively

high energy as well. Therefore we can assume, that the stability

of 3a results from the symmetrical conjugated system of

double bonds and the favourable position of the Ph3PQN–

substituents. The rearrangement of the remaining proton

should be possible, since the deprotonation from 2 to 3 occurs

in solution.

The combination of the triazine or heptazine unit with

phosphinimine substituents yields intriguing systems, which

deserve further consideration. Density functional theory has

been used here to study the electronic structure and the

topological properties of the electron density distribution of

2, 3, 5, and 6. These compounds with optimized geometries

were denoted as 2a, 2b, 3a, 5a, and 6a respectively.

The optimized geometries are in good agreement with the

experimental data (see ESIw).
The topology of the molecular charge distribution was

analyzed with the Quantum Theory of Atoms in Molecules

(QTAIM).47–49 This method delivers unique information

about the bonding degree between two atoms from the

electron density (r) and the ellipticity (e) of the electron density

distribution at the bond critical point (BCP).49 Further

information about the covalent or ionic character of the bond

can be drawn from the Laplacian of the electron density (r2r)
at the BCP and suitable graphical representations of this

property. In order to see the changes in the bonding situation,

the topological properties of 2a and 3a are listed together with

the properties of the parent compound 2b in Table 10 and

Fig. 13. The values for a C–N single and a CQN double

bond have been added from simple model compounds for

Fig. 10 (a) Molecular unit and numbering scheme of compound 6 in

the crystal structure of 6�C2H4Cl2 (thermal ellipsoids of 50% probability;

the atomic labels of the dichloroethane molecule correspond to the

asymmetric unit, but the atomic coordinates were generated by symmetry

operation (�x, 2 � y, 1 � z); the Cl12 atom was generated by symmetry

operation (x � 1, 1 + y, z); (b) the chain-like structure of 6 (two chains

are shown; the solvent molecules are omitted for clarity).

Table 9 Intermolecular N� � �Cl distances found in the crystals of 6�
C2H4Cl2 with d o 3.3 Å

Distances (Å) Angles (1)

N8� � �Cl7 3.029(2) N8� � �Cl7–P3 156.99(5)
N4� � �Cl10 3.187(2) N4� � �Cl10–C7 128.48(9)
N10� � �Cl12 3.589(3) C2–N7� � �Cl12
N7� � �Cl12 3.240(3) C4–N7� � �Cl12 Average: 88.96(11)

C6–N7� � �Cl12

Fig. 11 Calculated energy differences (kJ mol�1) between isomers of 3. Charges are designated as formal charges.
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comparison. Due to the symmetry of 2a, 3a and 2b only half of

the six-membered rings must be considered (grey area in

Fig. 12).

There is a rather balanced electron density at the BCPs in

the six-membered ring of 2b, with values between 0.34 and

0.355 e Bohr�3 (see Fig. 13 and Table 10) which represent

Table 10 Charge density (r), Laplacian (r2r), and ellipticity (e) at bond critical points (BCP) in atomic units (same atom numbering as in the
X-ray structures)

BCP r r2r e

2a 3a 2b 2a 3a 2b 2a 3a 2b

N1–C3 0.348 0.313 0.340 �1.229 �1.016 �1.188 0.162 0.114 0.149
C3–N3 0.273 0.353 0.347 �0.812 �1.275 �1.246 0.085 0.158 0.153
C2–N3 0.349 0.347 0.355 �1.230 �1.236 �1.286 0.194 0.128 0.136
C2–N5 0.350 0.337 0.324 �1.205 �1.109 �1.102 0.211 0.162 0.137
C3–N6 0.374 0.356 0.322 �1.192 �1.258 �1.101 0.235 0.167 0.102
N6–P2 0.176 0.187 0.201 0.549 0.596 0.811 0.004 0.030 0.057
N3–H 0.340 — — �1.850 — — 0.039 — —
N1–H — 0.343 — — �1.858 — — 0.041 —

6a 5a 6a 5a 6a 5a

N7–C4 0.314 0.294 �1.017 �0.886 0.118 0.074
C4–N4 0.326 0.362 �1.113 �1.322 0.174 0.173
N4–C5 0.312 0.353 �1.008 �1.277 0.116 0.142
C5–N5 0.366 0.346 �1.330 �1.232 0.190 0.139
N5–C6 0.345 0.360 �1.229 �1.313 0.144 0.178
C6–N7 0.290 0.294 �0.872 �0.885 0.074 0.074
N4–H1 0.338 — �1.852 — 0.039 —
C5–N10 0.342 0.318 �1.206 �1.088 0.139 0.097
N10–P3 0.205 0.213 0.800 0.897 0.069 0.099
P3–Cl7 0.149 0.142 �0.225 �0.228 0.066 0.067
P3–Cl8 0.144 0.137 �0.239 �0.226 0.017 0.010
P3–Cl9 0.144 0.137 �0.239 �0.226 0.017 0.010

Methylamine Methylamine Methylamine
C–N 0.267 �0.753 0.041
N–H 0.341 �1.732 0.052

H2CQNH H2CQNH H2CQNH
CQN 0.389 �0.706 0.237
N–H 0.337 �1.720 0.020

Fig. 12 Molecules and cations used for topological analyses of electron density. Charges are designated here as formal charges. The grey marked

areas are discussed in detail (see text).
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conjugated double bonds. The exocyclic bonds have substantially

lower electron density at 0.324 (C2–N5) and 0.322 e Bohr�3

(C3–N6). The protonation of N3 leads to changes in the

electron density distribution in 2a. Most obvious is the drastic

lowering of the electron density at the BCP between C3 and

N3. The calculated value of 0.273 e Bohr�3 is very close to the

value of the single bond in methylamine. This lowering of the

bonding degree correlates with a longer C3–N3 bond. The

bonds N1–C3 and N3–C2 have nearly the same values of

electron density as in 2b, whereas the exocyclic bonds C2–N5

and C3–N6 show higher electron densities. Therefore we can

conclude that the protonation of 2b to 2a leads to a charge

depletion at the bond N3–C3 and a concentration of charge

density at the periphery of the cation.

Another situation occurs in the case of the monocation 3a.

Protonation at N1 in 3a leads to decreasing of the electron

density at the BCP between N1 and C3. This electron density

lowering is not so pronounced as in the case of 2a, being

between the single-bond and the double-bond values. The

other values of the electron density in the six-membered ring

are similar to those found for 2b. The electron density at the

BCPs C2–N5 and C3–N6 are between the values of neutral

compound 2b and dication 2a, as one would expect for the

monocation 3a.

Bond ellipticities at the BCPs support the above discussion.

There is a uniform ellipticity of the conjugated bonds in the

six-membered ring of 2b. This situation changes drastically in

2a. The ellipticity of the bond C3–N3 drops to a value of

0.085, which is very close to the value of the single bond in

methylamine. The ellipticity of the N1–C3 in 3a is 0.114, which

is somewhat lower than the other bonds in the triazine-ring of

3a, but still too high for a single bond. Thus, for the N1–C3

bond in 3a an intermediate bond order between one and two is

assumed.

The electron density distribution in the heptazine system 5a

has two types of bonds: (a) the conjugated double bonds at the

outer radius of the heptazine system with electron density

values between 0.346 and 0.362 e Bohr�3 and (b) the bonds

connecting the central nitrogen atom N7 with the carbon atoms,

which exhibit electron densities at the BCP characteristic of a

single bond. The protonation at N4 changes this situation. The

bonds starting from N4, i.e. C4–N4 and N4–C5, are depleted

from electron density in 6a (see Fig. 14 and Table 10). In sharp

contrast, bond ellipticity shows only minor differences between

5a and 6a. The large heptazine system is able to compensate a

single protonation better than the double protonation at the

triazine derivative.

All N–H bonds in 2a, 3a and 6a show bond characteristics

typically observed for amines or imines (compared with the

values from the NH-bond of H2CQNH or methylamine for

instance, in Table 10). There are no special electronic features

for the iminium character of the NH-bonds in 2a, 3a or 6a,

since the positive charge is distributed into the heterocyclic

ring systems.

Negative values of the Laplacian of the electron density

indicate the presence of mainly covalent bonds.50 This argument

holds for all CN bonds in the s-triazine and s-heptazine rings

in Table 10. The positive values of r2r at the BCPs of the

PN-bonds are remarkable and deserve further attention. The

graphical representation of the Laplacian of the dication of 2a

in Fig. 15 supports the assumption that these bonds are

very polar.

The situation is similar in the other four molecules 2b, 3a, 5a

and 6a. P–N bonding in iminophosphoranes has been described

previously as highly polar, and it was concluded that the ionic

(ylidic) form P+–N� was much more important than the

PQN form.9,51 Further information can be drawn from the

natural charges. The carbon atoms in the ring systems of 2a,

2b, 3a, 5a, and 6a are positively charged with values around

0.6, and the nitrogen atoms negatively charged with values

around �0.6, which hints towards polar covalent bonds.

The PN-bonds in all five molecules reveal a much more

pronounced charge difference with charges at N ranging

between �0.94 and �1.05 and between 1.53 and 1.92 at P

(full data is provided in the ESIw). That means the bonding

situation is dominated by the ionic form (P+–N�), and these

strong electrostatic interactions are responsible for the short

P–N bonding distances.52 This finding is in accord with an

experimental charge density study by Stalke et al., which also

revealed predominantly ylidic contributions to a formal PQN

double bond.34 Protonation at the heterocyclic rings has an

insignificant influence on the polarity of the PN-bonds.

Fig. 13 Electron density (e Bohr�3) at bond critical points in 2a, 2b,

3a methylamine, and H2CQNH (atom numbering according to the

X-ray structure of 2, see Fig. 4).

Fig. 14 Electron density (e Bohr�3) at bond critical points in 5a, 6a,

methylamine, and H2CQNH (atom numbering according to the X-ray

structure of 6, see Fig. 10).
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Thermogravimetry and flammability test

It has been reported that compounds which contain both

phosphorus and nitrogen atoms show a synergetic effect with

respect to fire-retardant activity.7,53 The flame retardancy of

this combination proceeds by an intumescent model of action,

where the fire-retardant forms char and foam on the surface of

a burning substance building up an insulating barrier between

the fire and the substrate. Among alternative candidates,

intumescent materials have received considerable attention

because they provide fire protection with a minimal overall

amount of hazardous combustion/pyrolysis products.54

Therefore, the fire protection ability of the synthesized

compound 7, which comprises a conjugated carbon–nitrogen–

phosphorus system, and at the same time is halogen-free, is of

significant interest. Thus, we decided to investigate the thermal

decomposition and flame retardancy of 7. In Fig. 16 the results

of thermogravimetric analysis of 7 are shown. Compound 7 is

stable up to 140 1C. Between 140 and 240 1C the mass

decreases by 4%. At 756 1C the weight loss is 76.6%.

The thermal stability of 7 permits its further examination

for flame retardancy in plastics, such as polyamide (PA)

and polypropylene (PP). Among the most commonly used

flammability tests such as the cone calorimeter test,55 the

‘‘limiting oxygen test’’ (LOI),56 and the inflammability test

UL 9457 we have chosen the latter one to estimate the flame

retardancy of 7. Specimen preparation proceeded by mixing 7

with the molten polymer in a 1 : 4 ratio at 180 1C (PP) and

210 1C (PA) followed by extrusion. Whereas the mixture

of 7 with PA polymerized in the extruder, the combination

of PP and 7 resulted in specimens suitable for the UL 94

vertical burning test. The results of these flammability

test resulted in a ‘‘V2 burning class category’’ for compound

7, which indicates that a significant fire-retardant effect is

observed.

Conclusion

The Kirsanov reaction between melamine and melem with

phosphorus pentachloride resulted in symmetrically substituted

iminophosphoranes 1 and 5. In contrast, the use of triphenyl-

phosphine dibromide under similar conditions leads only to

partial condensation of the s-triazine core with two phosphinimine

groups, accompanied by protonation of the s-triazine ring

(compound 2), whereas in case of the s-heptazine the analogous

reaction failed. Since the Kirsanov reaction proceeds by

nucleophilic displacement of the halogen from phosphorus

by nitrogen atoms, the nucleophilicity of the NH2-groups

in the s-heptazine compound melem is significantly decreased

as compared to melamine. By deprotonation of 2 with

triethylamine only one proton can be removed, yielding

monohydrobromide 3.

Crystal structure analyses of 2, 3 and 6 clearly indicated a

relatively high basicity of the triazine and heptazine N-atoms,

which are prevailing for proton attack, in contrast to imine

nitrogen atoms. By deprotonation of 2 in solution a proton

rearrangement takes place leading to compound 3. At the

same time, the QTAIM analysis shows that the positive

charges in 2a are not localized at the nitrogen atoms. Instead,

the double protonation leads to a lowering of the bonding

degree along the bonds C3–N3 and C1–N2 which is accompanied

by a lengthening of these bonds. Single protonation of the

triazine ring in 3 also leads to the N1–C3 bond elongation,

though not so drastic as in case of 2. The larger heptazine

system proved to have a better ability to cope with the single

protonation, than those of s-triazine. Only minor changes in

the electron density distribution are observed. Furthermore,

compounds 1, 5 and 6 represent layered structures in the solid

state, which are characterised by intermolecular Cl� � �N
interactions.

One of the potential applications of s-heptazine-based

iminophosphoranes as halogen-free flame-retarding additives

was examined by the UL 94 burning test. For this purpose the

target compound 7 was obtained from 5 on a large scale by

substitution with phenol. The positive result of the testing

provides motivation for further investigation in this area.

In summary, the Kirsanov reaction is a simple route to

melamine- and melem-derived iminophosphoranes, which

Fig. 15 Laplacian of the electron density of 2a in the plane of the six-

membered ring. Positive values of r2r are drawn with dashed lines

and represent regions of charge depletion; negative values are drawn

with solid lines and represent regions of charge concentration.

Contour values in atomic units are: 0.001, 0.002, 0.004, 0.008, 0.02,

0.04, 0.08, 0.2, 0.4, 0.8, 2, 4, 8, 20, 40, 80, 200, 400, 800.

Fig. 16 TG (solid line) and DTA (dashed line) curves of 7.
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allows production of desired products from commercially

available starting materials. The obtained products have

good solubility in organic solvents and high reactivity of the

phosphinimine groups. Both factors permit further derivatisation

of the named materials, making the s-triazine, and particularly

the s-heptazine, building blocks readily available for synthetic

chemistry.

Experimental

General comments

All manipulations were performed in Schlenk-type glassware

or in a glove box (MBraun, Germany, O2 o 0.1 ppm,

H2O o 0.1 ppm). All solvents were purified and dried

according to general procedures. Commercially available

chemicals were used in p.a. quality as obtained from the

suppliers. Triphenylphosphine dibromide (Ph3PBr2) was

synthesized according to the literature.20 Melamine, phosphorus

pentachloride and anhydrous phenol were purchased from

Merck and Fluka. 2,5,8-Triamino-s-heptazine (melem) was

synthesized according to a published procedure.58

IR spectra were recorded in the range 400–4000 cm�1 at

room temperature using a Nicolet 380 FT-IR spectrometer.

The samples (KBr pellets) were prepared under N2 atmosphere

using dry KBr powder.
1H, 13C and 31P NMR spectra were recorded on DPX 400

Bruker spectrometer at 300 K. Chemical shifts are reported

relative to tetramethylsilane (1H, 13C NMR) and 85%

phosphoric acid (31P NMR).

Thermogravimetry measurements were recorded using a

TG/DTA thermogravimeter from Seiko Instruments with a

heating rate of 5 1C min�1, argon flow rate of 300 ml min�1,

maximum temperature 818 1C.

Elemental analyses were performed with a ‘‘vario Micro

cube’’ elemental analyzer (Elementar). Analysis of the chlorine

content of product 7 was performed by dissolution in a

Na2CO3/K2CO3-melt followed by chloride quantification with

ion chromatography (Dionex, ICS-2000, eluent 22 mM KOH,

column: AS11_HC, electrical conductivity measurement).

Flammability tests were performed at TITK (Thüringisches

Institut für Textil-und-Kunststoff-Forschung e.V.). The vertical

burning test for UL 94 classification was carried out on four

specimens (90 mm � 13 mm � 2 mm), prepared from poly-

propylene and compound 7 in a 4 : 1 ratio by extrusion at 180 1C.

Single-crystal X-ray diffraction analyses. Diffraction data

were collected on a BRUKER NONIUS X8 APEX2 CCD

diffractometer using Mo-Ka radiation. The structures were

solved with direct methods and refined with full-matrix least-

squares methods on F2 [with the software SHELXS-97 and

SHELXL-97, G. M. Sheldrick, Universität Göttingen

(1986–1997)]. All non-hydrogen atoms were anisotropically

refined. Carbon-bonded hydrogen atoms were placed in

idealized positions and isotropically refined (riding model).

N-bound hydrogen atoms were found by analysis of the

residual electron density and refined without bond length

restraints. Data of structure determination and refinement

for the herein presented crystal structures are summarized in

the ESI.w

Quantum chemical calculations. The quantum chemical

calculations were carried out using the GAUSSIAN 03 series

of programs.59 Geometries were fully optimized at the density

functional theory level (DFT), using Becke’s three-parameter

hybrid exchange functional and the correlation functional of

Lee, Yang and Parr (B3LYP)60,61 in combination with the

6-31G(d,p) basis set.62,63 The optimized geometries were

verified as local minima on the potential energy surface by

calculating the Hessian matrices. The QTAIM analyses47 have

been performed at the same level of theory with the optimized

geometries. The wavefunction files for the QTAIM analysis

were generated in Cartesian coordinates with a basis set

containing 6d functions (option ‘‘6D 10F’’ in Gaussian03).

The electron density topology was analyzed using the

programs AIM200064 and Xaim.65 The natural charges were

obtained from calculations with NBO 5.0.66 Relative energies

of 3a–d are calculated from the electronic energies including

zero-point correction from optimized geometries at the

B3LYP/6-31G(d,p) level.

Preparation of tris(trichlorophosphinimino)-s-triazine (1).

10 g (0.08 mol) of melamine C3N6H6 and 49.5 g (0.24 mol)

of PCl5 were suspended in 260 ml of dry 1,2-dichlorobenzene.

The reaction mixture was heated to reflux, whereupon the

starting materials completely dissolved and the liberation of

HCl gas commenced. After 10 h under reflux, when no further

liberation of HCl gas was observed, the clear yellow reaction

solution was cooled down to room temperature, and its

volume was reduced to 100 ml. By cooling the reaction mixture

down to 0 1C white crystals appeared. Yield: 38.6 g (90.7%).

IR (KBr): 1580 (vs), 1460 (s), 1380 (w), 1250 (s), 1100 (s),

1040 (w), 874 (m), 822 (m), 586 (s), 559 (s), 521 (m), 430 (w).

NMR (1,2-dichlorobenzene, ppm, Hz): 31P: 7.1. 13C: 168.7,
2JP�C = 13.78.

Preparation of 2-amino-4,6-bis(triphenylphosphinimino)-

s-triazine dihydrobromide (2�C6H4Cl2). In a 250 ml round-

bottomed Schlenk-flask 1.37 g (0.01 mol) of melamine

C3N6H6 and 12.72 g (0.03 mol) of Ph3PBr2 were suspended

in 80 ml of dry 1,2-dichlorobenzene. The suspension

was stirred under reflux for 30 h; thereafter the unreacted

melamine was filtered off. The brown solution was cooled

down to 0 1C until white crystals appeared. Yield: 7.5 g (86%).

IR: 3090 (m), 3060 (m), 2960 (m), 2930 (s), 2860 (m), 2790 (w),

1700 (s), 1615 (s), 1610 (s), 1520 (s), 1440 (m), 1390 (vs),

1320 (w), 1190 (w), 1120 (s), 1030 (w), 997 (w), 950 (m), 876

(m), 766 (m), 724 (s), 687 (s), 669 (m), 636 (w), 519 (s). NMR

(1,2-dichloroethane, ppm, Hz): 31P: 18.8. 13C: 132.8, 4JC–P =

1.2, p-C, P–C6H5; 131.8,
2JC–P = 8.3, o-C, P–C6H5; 128.5,

3JC–P = 13.2, m-C, P–C6H5; 124.2, 1JC–P = 101.8, i-C,

P–C6H5.
1H: 8.7, Ntriaz–H, 6.9–6.5, m, C–H (Ph), 3.3 NH2.

Preparation of 2-amino-4,6-bis(triphenylphosphinimino)-

s-triazine hydrobromide (3�Et3NHBr�1.5C6H4Cl2). To a solution

of 2�C6H4Cl2 (1 g, 1.04 mmol) in 30 ml of dichlorobenzene, an

excess of triethylamine (1.2 ml, 8.7 mmol) was added dropwise.

The light-yellow suspension was refluxed for 10 h and the

white precipitate was filtered off. The single crystals of

3�Et3NHBr�1.5C6H4Cl2 were obtained by recrystallisation of

the obtained precipitate from o-dichlorobenzene. Yield: 0.63 g
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of 3�Et3NHBr�1.5C6H4Cl2; 0.45 g 53.5% of 3. IR: 3300 (w), 3140

(m), 3060 (m), 2980 (m), 2940 (m), 2740 (w), 2680 (m), 2490 (w),

1640 (m), 1580 (s), 1550 (s), 1480 (m), 1440 (s), 1330 (s), 1290 (m),

1190 (w), 1110 (s), 1040 (m), 867 (m), 794 (m), 725 (s), 693 (s),

666 (w), 532 (s). NMR (1,2-dichloroethane, ppm, Hz) 31P: 21.1.
13C: 132.2, 2JC–P = 10.7, o-C, P–C6H5; 131.9,

4JC–P = 2.8, p-C,

P–C6H5; 127.9,
3JC–P = 12.5, m-C, P–C6H5; 125.3,

1JC–P =

102.7, i-C, P–C6H5.
1H: 6.9, Ntriaz–H, 6.8–6.5, m, C–H (Ph),

2.5 NH2. Elemental analyses (%), found (calcd.): C 55.94 (57.39),

N 9.13 (8.68), H 4.67 (4.90).

Preparation of triphenylphosphine chloride–bromide (4�C2H4Cl2).

1 g (4.6 mmol) of melem was suspended in 80 ml of 1,2-

dichloroethane. By accident, a very large amount of Ph3PBr2
(17.4 g, 41 mmol) was added to the suspension. The mixture was

stirred under reflux for 5 h, followed by 10 h at room temperature.

The reaction flask was cooled down to 0 1C, and after 20 h at

this temperature a big cubic-like crystal had formed. 31P-NMR

(1,2-dichloroethane, ppm): 58.2.

Preparation of tris(trichlorophosphinimino)-s-heptazine

(5�C6H4Cl2). To the mixture of 10 g (0.046 mol) of melem,

31 g (0.15 mol) of PCl5 and 350 ml of dry 1,2-dichlorobenzene

were added. The obtained suspension was stirred under reflux

for 45 h. The course of the reaction was monitored by

measuring the volume of liberated HCl gas. Thereafter the

unreacted melem and PCl5 were filtered off and the yellowish

filtrate was collected. The solvent was removed in vacuum and

the solid residue dried in vacuum at 70–80 1C. Single crystals

of 5�C6H4Cl2 suitable for X-ray structure analysis were

obtained by cooling a solution in o-dichlorobenzene down to

0 1C. Yield: 26 g, 91%. M. p. = 148–153 1C (from o-C6H4Cl2).

IR: 1630 (s); 1539 (m); 1456 (vs); 1414 (vs); 1355 (s); 1304 (s);

1259 (s); 1184 (m); 1126 (m); 1079 (m); 1034 (m); 945 (m); 905

(m); 819 (m); 808 (m); 746 (m); 640 (m); 623 (m); 538 (s); 486

(m); 452 (m). NMR (1,2-dichloroethane, ppm): 31P NMR:

19.2. 13C-NMR: 167.5, 156.5.

Preparation of tris(trichlorophosphinimino)-s-heptazine

hydrochloride (6�C2H4Cl2). Compound 6�C2H4Cl2 was obtained

by recrystallization of 5 from 1,2-dichloroethane. IR: 3100

(broad, m), 1674 (s), 1625 (s), 1527 (m), 1418 (vs), 1372 (vs),

1267 (s), 1215 (m), 1069 (s), 1016 (m), 809 (s), 731 (m), 639 (s),

580 (s), 486 (m), 442 (m). NMR (1,2-dichloroethane, ppm):
31P NMR: 22.3. 13C-NMR: 167.5, 156.6.

Preparation of tris(2,5,8-triphenoxyphosphinimino)-s-heptazine

(7). At 0 1C, a solution of anhydrous phenol (14 g, 0.15 mol) in

30 ml of 1,2-dichloroethane was slowly added to a solution of

10 g (0.016 mol) of 5 in 80 ml of 1,2-dichloroethane. The solution

was stirred for 1 h at this temperature and then slowly warmed

to room temperature. During addition and further stirring

liberation of gaseous HCl was observed. The reaction mixture

was stirred for 5 h in a very slow stream of argon; thereafter the

solvent and unreacted phenol were removed in vacuum. The

product was isolated as a yellowish resin-like solid. Yield: 16 g,

87.5%, IR: 3060 (m), 1631 (s), 1587 (s), 1538 (m), 1487 (s), 1413

(vs), 1307 (m), 1204 (s), 1187 (s), 1158 (s), 1087 (s), 1025 (m), 1013

(m), 974 (s), 818 (w), 809 (m), 775 (s), 752 (s), 686 (s), 650 (w),

617 (m), 575 (m), 493 (m). NMR (1,2-dichloroethane, ppm, Hz):

31P-NMR: �5.9. 13C-NMR: 150.06, 2JC–P: 7.04, i-C; 129.00,

m-C; 124.49, p-C; 119.21, 3JC–P: 4.93, o-C. 1H: m, 6.7–6.5.

Elemental analyses (%), found (calcd.) C 62.31 (63.05), N

12.20 (12.60), H 3.93 (3.97), Cl 0.0 (0.0).
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