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Abstract The condensation reactions of N2O3-donor type

coronands (1–3) with hexachlorocyclotriphosphazatriene,

N3P3Cl6, resulted in the formation of spiro-crypta phos-

phazene derivatives (4–6). These compounds with excess

morpholine and 1,4-dioxa-8-azaspiro[4,5]decane (DASD)

afford fully substituted morpholino (7 and 10) and

1,4-dioxa-8-azaspiro[4,5]deca (8)-substituted phosphazene

derivatives, respectively. Whilst, in the same conditions,

the reactions of 4, 5 and 6 with pyrrolidine, morpholine and

DASD also produce partially pyrrolidino-substituted

geminal (9 and 11), mono-substituted pyrrolidino (12),

morpholino (13) and 1,4-dioxa-8-azaspiro[4,5]deca (14)

phosphazenes. It has been clearly observed that the chlo-

ride replacement reactions of 4, 5 and 6 with pyrrolidine

lead to the geminal products. Compounds 7, 8 and 10 are

the first examples of anisochronic tetrakis (amino) phosp-

hazenes according to 31P NMR data. The structures of 7, 8

and 10–14 have been determined by FTIR, MS, 1H, 13C

and 31P NMR, DEPT, and HETCOR spectral data. The

solid-state structures of 9, 13 and 14 have been examined

by X-ray diffraction techniques. The sums of the bond

angles around the spiro cyclic nitrogen atoms [344.8(4)�
and 347.6(4)�] of 9, indicate that the nitrogen atoms have

pyramidal geometries. Thus, the N atoms seem to have

stereogenic configurations. Compounds 12–14 also have

two stereogenic P-atoms, and they are expected to be in the

mixture of enantiomers. The relationships between NPN

(a and a0) bond angles and dPspiro values and the correlation

of D(P–N) with dPspiro and D(dP) values are presented.

Keywords Spiro-crypta-phosphazenes � Anisochronism �
Stereogenism � Spectroscopy � X-ray crystallography

Introduction

The word phosphazene refers to a broad range of

molecules, all of which contain phosphorus and nitrogen

atoms joined by formally unsaturated bonds. These units

can be linked together to form either chains or rings. The

hexachlorocyclotriphosphazene, N3P3Cl6, is the best

known and the most intensively studied in the field of

phosphazene chemistry. Most of the phosphazene com-

pounds have been prepared by nucleophilic substitution

reactions on N3P3Cl6 due to the ease of introducing a wide

variety of organic, inorganic and organometallic substitu-

ents onto P-centres [1]. Additionally, cyclo-phosphazenes

can be used as building blocks for macromolecular and

polymeric species [2]. The ring-opening-polymerization

(ROP) of N3P3Cl6 leads to the preparation of different

polyphosphazene types; cyclolinear or cyclomatrix poly-

mers [3, 4]. They continue to attract the increased attention

of researchers in recent years, since they are candidates to

be used in alternative industrial applications in areas such

as high performance elastomers [5], rechargeable lithium

batteries and polymer electrolytes [6, 7], biomedical

materials including synthetic bones [8], and biomedical

membranes [9]. The syntheses and the characterizations of
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chiral phosphazene bases have also been an area of interest

[10–12]. Recently, our group has focused on the replace-

ment reactions of Cl atoms of N3P3Cl6 by bulky

nucleophiles such as; aromatic diamines [13–15], NxOy-

donor type (x,y = 2–4) dibenzo-diaza-crown ethers

(coronands) [16–23], diaminophenolates [24–26], and

diphenolates [27–29] to obtain novel phosphazene

derivatives with different architectures, namely spiro-,

ansa-, dispiro-, trispiro-, spiro-ansa-, spiro-ansa-spiro-,

spiro-bino-spiro- and spiro-crypta-skeletons.

The present work reports (1) the substitutions of

Cl atoms of N3P3Cl4{Ph2[O(CH2CH2O)][CH2N(CH2)n

NCH2]} [n = 2 (4) [17, 18], n = 3 (5) [17], n = 4 (6)

[19]] by pyrrolidine, morpholine and DASD that give

partially pyrrolidine-substituted geminal N3P3Cl2(C4H8N)2

{Ph2[O(CH2CH2O)][CH2N(CH2)nNCH2]} [n = 3 (9),

n = 4 (11)], fully morpholine-substituted N3P3(C4H8NO)4

{Ph2[O(CH2CH2O)][CH2N(CH2)nNCH2]} [n = 2 (7),

n = 3 (10)], fully DASD substituted N3P3(C7H12NO2)4

{Ph2[O(CH2CH2O)][CH2N(CH2)nNCH2]} [n = 2 (8)], and

mono pyrrolidine, morpholine and DASD substituted

N3P3Cl5Z{Ph2[O(CH2CH2O)][CH2N(CH2)4NCH2]} [Z =

C4H8N (12), Z = C4H8NO (13), Z = C7H12NO2 (14),

respectively] phosphazene derivatives (Scheme 1); (2) the

structures of all the compounds determined by elemental

analyses, MS, IR, 1H, 13C and 31P NMR, DEPT and

HETCOR spectral data; (3) the X-ray structural analyses

of 9, 13 and 14; and (4) the relationship between the

dPspiro-shifts and the endocyclic (a) and exocyclic (a0)
NPN bond angles, and the relationship between D(P–N)

values and D(dP) chemical shift differences as well as

dPspiro-shifts.

Experimental

General methods

All reactions were carried out under argon atmosphere. The

reaction solvents were dried and purified by standard
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methods [30]. Melting points were measured on a Gal-

lenkamp apparatus using a capillary tube. 1H, 13C, 31P

NMR and HETCOR spectra were obtained on a Bruker

DPX FT-NMR (400 MHz) spectrometer (SiMe4 as internal

and 85% H3PO4 as external standards). IR spectra were

recorded on a Mattson 1000 FTIR spectrometer in KBr

discs and reported in cm-1 units. Microanalyses were

carried out by the microanalytical service of TÜB_ITAK-

Turkey. API-ES mass spectrometric analyses were

performed on the AGILEND 1100 MSD spectrometer.

Thin-layer chromatography (TLC) was performed on

Merck DC Alufolien Kiesegel 60 B254 sheets. Column

chromatography was performed on Merck Kiesegel 60

(230–400 mesch ATSM) silica gel.

Preparation of compounds

Dibenzo-diaza-crown ethers (1–3) [19, 31, 32] and phos-

phazene derivatives 4–6 and 9 were prepared according to

the published procedures [17–19]. The preparation and MS,

IR, 1H, 13C and 31P NMR data of 9 were published before

[19] but, the crystallographic data of 9 will be discussed

herein.

Synthesis of 7,10-(Pentane-3-oxa-1,5-diyldioxydi-o-phe-

nylene-dimethylene)-4,4,6,6-tetrakis(morpholino-1-yl)-2k5,

4k5,6k5-triphosphaza(6-PV)-1,3,5,7,10-pentaazaspiro[4.5]

undeca-1,3,5-triene(7): A solution of morpholine (0.68 g,

7.91 mmol) in 50 mL of THF was slowly added to a stirred

solution of 4 (0.40 g, 0.65 mmol) in 100 mL of dry THF at

ambient temperature. The solution was heated to reflux for

36 h with argon being passed over the reaction mixture.

The precipitated morpholine hydrochloride was filtered off,

and the solvent was evaporated at reduced pressure. The

residue was subjected to column chromatography [ben-

zene/THF (3:1)] and crystallized from CH3CN (yield:

0.35 g, 66%, m.p. 244 �C). Anal. Cald. for C36H56

N9O7P3 � H2O: C, 51.69%; H, 5.98%; N, 14.76%. Found

C, 51.61%; H, 6.98%; N, 15.05%. IR (KBr, cm-1, selected

peaks): 3456 m (OH), 3065 m (aromatic CH asymm.), 3025

m (aromatic CH symm.), 1599 m (C=C), 1196 m (P=N). MS

(API) (Ir %): m/z = 820 [(MH)?, 100%].

Synthesis of 7,10-(Pentane-3-oxa-1,5-diyldioxydi-o-phe-

nylene-dimethylene)-4,4,6,6-tetrakis(1,4-dioxa-8-azaspiro

[4,5] decane-1-yl)-2k5,4k5,6k5-triphosphaza(6-PV)-1,3,5,7,

10-pentaazaspiro[4.5]undeca-1,3,5-triene (8): The work-up

procedure as compound 7, using 4 (0.60 g, 0.97 mmol), and

DASD (1.67 g, 11.7 mmol) (36 h). The product was purified

by column chromatography by using [benzene/THF (1:1)]

and crystallized from n-heptane (yield: 0.61 g, 61%, m.p.

276 �C). Anal Cald. for C48H72N9O11P3: C, 55.89%; H,

5.20%; N, 11.96%. Found C, 55.22%; H, 6.95%; N, 12.07%.

IR (KBr, cm-1, selected peaks): 3065 m (aromatic CH

asymm.), 3025 m (aromatic CH symm.), 1597 m (C=C), 1186

m (P=N). MS (API) (Ir %): m/z = 901 [(M-DASD)?, 0.4%],

m/z = 760 [(MH-2 DASD)?, 0.9%].

Synthesis of 7,11-(Pentane-3-oxa-1,5-diyldioxydi-o-phe-

nylene-dimethylene)-4,4,6,6-tetrakis(morpholino-1-yl)-2k5,

4k5,6k5-triphosphaza(6-PV)-1,3,5,7,11-pentaazaspiro[5.5]

dodeca-1,3,5-triene (10): A solution of morpholine (2.00 g,

23.3 mmol) in 50 mL of THF was slowly added to a stirred

solution of 5 (1.20 g, 1.90 mmol) in 100 mL of dry THF at

room temperature. The solution was heated to reflux for

40 h with argon being passed over the mixture. The pre-

cipitated morpholine hydrochloride was filtered off, and the

solvent was evaporated at reduced pressure. The residue

was subjected to column chromatography [benzene/THF

(3:1)] and the product crystallized from [n-heptane/THF

(1:1)] (yield: 1.10 g, 70%, m.p. 177 �C). Anal Cald for

C37H58N9O7P3: C, 52.91%; H, 6.98%; N, 14.57%. Found

C, 53.3%; H, 7.01%; N, 15.12%. IR (KBr, cm-1, selected

peaks): 3070 m (aromatic CH asymm.), 3025 m (aromatic

CH symm.), 1597 m (C=C), 1192 m (P=N). MS (API) (Ir %):

m/z = 834 [(MH)?, 100%].

Syntheses of 7,12-(Pentane-3-oxa-1,5-diyldioxydi-o-

phenylene-dimethylene)-4,4-dichloro-6,6-bis(pyrrolidino-1-

yl)-2k5,4k5,6k5-triphosphaza(6-PV)-1,3,5,7,12-pentaazaspiro

[6.5]trideca-1,3,5-triene (11) and 7,12-(Pentane-3-oxa-1,

5-diyldioxydi-o-phenylene-dimethylene)-4,4,6-trichloro-6-

mono (pyrrolidino-1-yl)-2k5,4k5,6k5-triphosphaza(6-PV)-1,3,

5,7,12-pentaazaspiro [6.5]trideca-1,3,5-triene (12): A solu-

tion of pyrrolidine (1.50 g, 20 mmol) in 50 mL of THF was

slowly added to a stirred solution of 6 (1.10 g, 1.7 mmol) in

100 mL of dry THF at ambient temperature. The solution

was heated to reflux for 48 h with argon being passed over

the mixture. The precipitated pyrrolidine hydrochloride was

filtered off, and the solvent was evaporated at reduced

pressure. The residue was subjected to column chromatog-

raphy [benzene/THF (4:1)]. Compounds 11 and 12 were

crystallized from benzene and n-heptane/THF (1:1) respec-

tively. Data of 11: (yield: 0.60 g, 49%, m.p. 190 �C). Anal

Cald for C30H44N7O3P3Cl2: C, 50.60%; H, 6.23%; N,

13.54%. Found C, 50.43%; H, 6.21%; N, 13.72%. IR (KBr,

cm-1, selected peaks): 3066 m (aromatic CH asymm.), 3021

m (aromatic CH symm.), 1599 m (C=C), 1182 m (P=N), 556,

488 m (P–Cl). MS (API) (fragments based on 35Cl, Ir %): m/

z = 714 [(MH)?, 100%]. Data of 12: (yield: 0.30 g, 26%,

m.p. 176 �C). Anal Cald for C26H36N6O3P3Cl3 � C6H6: C,

49.36%; H, 6.02%; N, 11.09%. Found C, 50.66%; H, 5.54%;

N, 11.08%. IR (KBr, cm-1, selected peaks): 3064 m (aro-

matic CH asymm.), 3022 m (aromatic CH symm.), 1599

m (C=C), 1184, 1234 m (P=N), 558, 482 m (P–Cl). MS (API)

(fragments based on 35Cl, Ir %): m/z = 679 [(MH)?, 100%].

Synthesis of 7,12-(Pentane-3-oxa-1,5-diyldioxydi-o-phe-

nylene-dimethylene)-4,4,6-trichloro-6-mono(morpholino-

1-yl)-2k5,4k5,6k5-triphosphaza(6-PV)-1,3,5,7,12-pentaazaspiro
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[6.5]trideca-1,3,5-triene (13): A solution of morpholine (0.80 g,

9.30 mmol) in 50 mL of THF was slowly added to a stirred

solution of 6 (0.50 g, 0.78 mmol) in 100 mL of dry THF at room

temperature. The solution was heated to reflux for 48 h with argon

being passed over the mixture. The precipitated morpholine

hydrochloride was filtered off, and the solvent was evaporated at

reduced pressure. The residue was subjected to column chroma-

tography [benzene/THF (3:1)] and the product (13) was crystal-

lized from [n-heptane/THF (1:1)] (yield: 0.38 g, 70%, m.p.

193 �C). Anal Cald for C26H36N6O4P3Cl3: C, 45.67%; H, 5.16%;

N, 11.35%. Found C, 44.88%; H, 5.21%; N, 12.08%. IR (KBr,

cm-1, selected peaks): 3065 m (aromatic CH asymm.), 3034 m
(aromatic CH symm.), 1595 m (C=C), 1182, 1229 m (P=N), 554,

483 m (P–Cl). MS (API) (fragments based on 35Cl, Ir %): m/

z = 695 [(MH)?, 100%].

Synthesis of 7,12-(Pentane-3-oxa-1,5-diyldioxydi-o-

phenylene-dimethylene)-4,4,6-trichloro-6-mono(1,4-dioxa-

8-azaspiro [4,5]decane-1-yl)-2k5,4k5,6k5-triphosphaza

(6-PV)-1,3,5,7,12-pentaazaspiro[6.5]trideca-1,3,5-triene

(14): The work-up procedure as compound 13, using 6

(0.60 g, 0.93 mmol), and DASD (1.60 g, 11.2 mmol)

(48 h). The product was purified by column chromatogra-

phy by using [benzene/THF (2:1)] and crystallized from

CH3CN (yield: 0.46 g, 67%, m.p. 186 �C). Anal Cald for

C29H40

N6O5P3Cl3 � CH3CN: C, 46.42%; H, 5.43%; N, 11.72%.

Found C, 46.14%; H, 5.55%; N, 12.55%. IR (KBr,cm-1,

selected peaks): 3067 m (aromatic CH asymm.), 3033 m
(aromatic CH symm.), 1597 m (C=C), 1181, 1231 m (P=N),

552, 485 m (P–Cl). MS (API) (fragments based on 35Cl, Ir

%): m/z = 750 [M?, 24%].

X-Ray crystallography

Colourless crystals of 9 and 14 were grown from CH3CN,

while 13 was grown from n-heptane/THF (1:1) at room

temperature. The molecular structures and the packing

diagrams of compounds (9, 13 and 14) along with the

atom-numbering schemes are depicted in Figs. 1, 2 and 3.

Crystallographic data are listed in Table 1 and selected

bond lengths and angles are given in Table 2. Crystallo-

graphic data were collected on an Enraf-Nonius (for 9 and

14) and Bruker Kappa APEXII (for 13) diffractometers

using Cu Ka radiation (k = 1.54184 Å) (for 9) and Mo Ka

radiation (k = 0.71073 Å) (for 13 and 14) at T = 294 K.

Absorption corrections by psi-scan [33] (for 9 and 14) and

Fig. 1 a An ORTEP-3 [36] drawing of 9 with the atom-numbering scheme. Displacement ellipsoids are drawn at the 30% probability level.

b The conformations of the phosphazene and the macrorings. c The conformation of the six-membered spiro-ring
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multi-scan [34] (for 13) were applied. Structures were

solved by direct methods [35] and refined by full-matrix

least squares against F2 using all data [35]. All non-H

atoms were refined anisotropically. The H atom positions

were calculated geometrically at distances of 0.93 (CH),

0.97 Å (CH2) and 0.96 Å (CH3) from the parent C atoms; a

riding model was used during the refinement process and

the Uiso(H) values were constrained to be 1.2Ueq(carrier

atom).

Results and discussion

Synthesis

The new phosphazene derivatives (7, 8 and 10–14;

Scheme 1) are obtained from the reactions of monotopic

crypta phosphazenes 4, 5 and 6 with pyrrolidine, mor-

pholine and DASD in THF. Crypta phosphazenes are the

tricyclic compounds, made up of diaza-crown ethers

(coronands) and phosphazene rings [19]. Scheme 2 shows

the chloride replacement reactions, [dominantly SN1(P)],

of crypta phosphazenes with secondary amines. The con-

densation reactions of crypta phosphazenes with excess

pyrrolidine, morpholine and DASD produce three kinds

of compounds; e.g. mono substituted N3P3(diazacrown)

(amine)Cl3 [amine; pyrrolidine (12), morpholine (13),

and DASD (14)], geminal disubstituted, N3P3(diaza-

crown)(amine)2Cl2 [amine; pyrrolidine (9 and 11)], and

fully substituted, N3P3(diazacrown)(amine)4 [amine; mor-

pholine (7 and 10), and DASD (8)] phosphazene

derivatives. The expected non-geminal (cis- or trans-)

products could not have been isolated according to the

reaction pathways [Scheme 2, (ii)]. In addition, fully

Fig. 2 a An ORTEP-3 [36] drawing of 13 with the atom-numbering scheme. Displacement ellipsoids are drawn at the 30% probability level.

b The conformations of the phosphazene and the macrorings. c The conformation of the seven-membered spiro-ring
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substituted phosphazene derivatives could not have also

been isolated from the reactions of all the monotopic

crypta-phosphazenes with excess pyrrolidine. Instead, the

interesting geminal pyrrolidinyl substituted phosphazenes

(9 and 11) are obtained. The geminal structures of 9

(Fig. 1) and the other analogous geminal pyrrolidinyl

substituted phosphazenes have been determined by X-ray

structure analyses [22]. In the literature, it is indicated that

the secondary amines, e.g. pyrrolidine and diethyl amine

show non-geminal bonding. However, in contrast to these

observations, in (9 and 11) pyrrolidine show geminal

bonding preference instead of non-geminal bonding

[Scheme 2, (i)]. The possible reasons may be; (1) the

macrocycle may hinder the attack of the pyrrolidine

molecule to one of the[PCl2 groups, and (2) there may be

a mechanistic switch during the formations of 9 and 11.

But, geminal phosphazene derivatives of morpholine and

DASD with 4, 5 and 6 could not have been obtained in

THF. Instead, mono and fully substituted products are

separated from the reaction mixture.

Spectroscopic analyses

The FTIR spectra of all the phosphazene derivatives (7, 8

and 10–14) exhibit two weak intensity absorption peaks at

3,070–3,064 and 3,034–3,021 cm-1 attributed to the

asymmetric and symmetric stretching vibrations of

the aromatic C–H protons, respectively. Monotopic

Fig. 3 a An ORTEP-3 [36] drawing of 14 with the atom-numbering scheme. Displacement ellipsoids are drawn at the 30% probability level.

b The conformations of the phosphazene and the macrorings. c The conformation of the seven-membered spiro-ring

274 J Incl Phenom Macrocycl Chem (2009) 65:269–286
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Table 1 Crystallographic data for compounds 9, 13 and 14

(9) (13) (14)

Empirical formula C29H42Cl2N7O3P3 C26H36Cl3N6O4P3 C31H43Cl3N7O5P3

Fw 700.51 695.87 793.00

Crystal system Monoclinic Monoclinic Monoclinic

Space group C 2/c C 2/c C 2/c

a (Å) 17.333(12) 30.9885(15) 22.5161(1)

b (Å) 17.853(5) 9.9642(5) 9.1716(2)

c (Å) 22.232(3) 21.8385(10) 36.7767(3)

a (�) 90.00 90.00 90.00

b (�) 95.91(2) 108.927(2) 107.389(10)

c (�) 90.00 90.00 90.00

V (Å3) 6843(5) 3365(2) 7247.61(17)

Z 8 8 8

l (cm-1) 3.376 (Cu Ka) 0.481 (Mo Ka) 0.498 (Mo Ka)

q (calcd) (g cm-3) 1.360 1.449 1.454

Number of reflections total 3,355 42,298 7,540

Number of reflections unique 3,274 7,916 7,348

Rint 0.0470 0.0266 0.0241

2hmax (�) 146.88 56.80 52.58

Tmin/Tmax 0.420/0.600 0.8498/0.9100 0.8632/0.9379

Number of parameters 397 379 431

R [F2 [ 2r(F2)] 0.0587 0.0353 0.0470

wR 0.0837 0.1043 0.1293

Table 2 The selected bond lengths (Å) and angles with the selected torsion angles (�) for 9, 13 and 14

(9) (13) (14)

P1–N1 1.618(5) P1–N1 1.615(1) P1–N1 1.613(2)

P1–N3 1.586(4) P1–N3 1.615(1) P1–N3 1.614(2)

P1–N4 1.634(4) P1–N4 1.637(2) P1–N4 1.625(2)

P1–N5 1.642(5) P1–N5 1.630(2) P1–N5 1.627(2)

P2–N1 1.544(4) P2–N1 1.565(1) P2–N1 1.543(2)

P2–N2 1.560(4) P2–N2 1.590(2) P2–N2 1.563(2)

P3–N2 1.623(4) P3–N2 1.567(2) P3–N2 1.597(3)

P3–N3 1.573(4) P3–N3 1.557(1) P3–N3 1.559(2)

P3–N6 1.649(4) P2–Cl3 2.073(8) P3–N6 1.631(2)

P3–N7 1.649(5) P3–Cl1 2.025(6) P3–Cl3 2.074(1)

N1–P1–N3 115.6(2) N1–P1–N3 113.1(7) N1–P1–N3 112.5(1)

N1–P1–N4 111.5(2) N1–P1–N4 114.9(8) N1–P1–N4 114.5(1)

N1–P1–N5 105.4(2) N1–P1–N5 105.6(8) N1–P1–N5 106.5(1)

N3–P1–N4 105.5(2) N3–P1–N4 106.3(8) N3–P1–N4 105.1(1)

N3–P1–N5 113.1(2) N3–P1–N5 114.1(8) N3–P1–N5 116.0(1)

N4–P1–N5 105.4(2) N4–P1–N5 102.6(7) N4–P1–N5 102.2(1)

N1–P2–N2 121.3(2) N1–P2–N2 120.0(8) N1–P2–N2 121.3(1)

N2–P3–N3 113.5(2) N2–P3–N3 120.6(8) N2–P3-N3 119.3(1)

N2–P3–N6 110.0(2) P3–N2–P2 117.1(9) P3–N2–P2 116.9(2)

N2–P3–N7 109.0(2) P3–N3–P1 123.4(9) P3–N3–P1 122.4(2)

N3–P3–N6 110.8(2) P2–N1–P1 121.4(9) P2–N1–P1 123.5(1)

N3–P3–N7–C12 70.4(5) N3–P1–N5–C5 92.54(15) N1–P1–N4–C1 93.6(2)

N3–P3–N6–C29 58.3(4) N1–P1–N4–C22 94.62(14) N3–P1–N5–C18 101.3(2)
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Table 3 31P-NMR Data in CDCl3 (d in ppm, J in Hz)
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N    N

Schemetic representation 
of 7, 8 and 10

Compound Spin system dPN2 dPX2 dPY2 dPXZ 2JPP

7 ABC PA:22.90 PB:23.05 – – 2JAB:55.5

PC:23.04 2JAC:53.5
2JBC:22.9

8 ABC PA:20.80 PB:23.10 – – 2JAB:49.2

PC:22.30 2JAC:31.9
2JBC:*0

10 ABC PA:20.05 PB:23.94 – – 2JAB:51.5

PC:21.04 2JAC:51.1
2JBC:28.6

11 AMX PA:18.29 PX:23.68 PM:14.38 – 2JMX:54.1
2JAM:43.4
2JAX:43.0

12 AMX PA:15.79 PX:21.11 – PM:24.77 2JMX:56.9
2JAX:47.5
2JAM:41.1

13 AMX PA:16.06 PX:21.39 – PM:25.03 2JMX:58.8
2JAM:46.9
2JAX:41.9

14 AMX PA:16.02 PX:21.25 – PM:25.05 2JMX:59.6
2JAM:47.2
2JAX:42.7

PB and PC values of 7, 8 and 10 may be reversed
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crypta-phosphazenes display intense stretching bands

between 1,234–1,229 and 1,196–1,181 cm-1, attributed to

mP=N bonds of phosphazene skeleton. As expected, two

kinds of mP–Cl absorption peaks have arisen for the partially

substituted phosphazenes (9 and 11–14) at 577–552 and

525–482 cm-1. The peaks at 3,456 cm-1 for 7 and

2,225 cm-1 for 14 indicate that these compounds contain

H2O and CH3CN molecules.

The 1H-decoupled 31P NMR data of the phosphazenes

are listed in Table 3. The spin systems of the compounds

are interpreted as simple ABC and AMX from the 31P NMR

spectra of (7, 8 and 10) and (11–14), respectively. The

proton coupled 31P NMR spectra of 9 [19] and 11 indicate

that only geminal-geometric isomers are isolated. In 7, 8

and 10, the substituents R and R0 (Table 6) appear to project

sideways, and thus the two [P(amine)2 groups are in dif-

ferent environments which leads to an asymmetry. Because

R and R0 differ, anisochrony [19, 22] has arisen for the two

[P(amine)2 groups. Therefore, the 31P-NMR spectra of 7, 8

and 10 do not contain any doublet and triplet for the two

P(amine)2 and Pspiro phosphorus atoms, due to the aniso-

chrony (Fig. 4). On the other hand, the mono substituted

compounds 12, 13 and 14 have a typical 12 lines resonance

pattern consisting of three doublets of doublet for dPspiro

(15.80 ppm for 12, 16.06 ppm for 13, and 16.02 ppm for

14) dPCl2 (21.11 ppm for 12, 21.39 ppm for 13 and 21.25

for 14), and dP(amine)Cl (24.77 ppm for 12, 25.03 ppm for

13 and 25.05 ppm for 14). The signals of the dP(amine)Cl

values of 12, 13 and 14 are lowfield-shifted by 3.21 ppm for

12, 3.47 ppm for 13, and 3.49 ppm for 14, with respect to

the corresponding PCl2 group of the starting compound

[22]. Two P atoms of 12, 13 and 14 are stereogenics,

because they have four different substituents. Hence, they

have RR, SS, RS and SR configurations. Due to the pres-

ence of two stereogenic centers in compounds 12–14 one

would expect the occurrence of diastereomers which should

give rise to distinguishable NMR signals. Table 3 lists only

a single set of signals. The stereogenic properties of the

phosphazene derivatives are observed by 31P-NMR spec-

troscopy on addition of a chiral solvating agent (CSA) [27].

On addition of CSA, the 31P-NMR signals of the stereo-

genic compounds may split into two lines indicating that

they exist as diastereomers.

In the crypta phosphazene architectures, the 1H and 13C

NMR peaks have been assigned on the basis of chemical

shifts, multiplicities and coupling constants. The assign-

ments have been made unambiguously by DEPT and

HETCOR using the values corresponding to 1JCH between

carbons and protons (Table 4). The DEPT and HETCOR

spectra of 14 are illustrated in Figs. 5b and 6, as an

example and all of the 1H and 13C NMR assignments have

been marked on the spectra. According to the 1H and 13C

NMR data of 7, 8 and 10, these molecules seem to have

symmetric structures in solution. All of the compounds

Fig. 4 31P-NMR spectra of 7, 8 and 10 showing anisochronism
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Table 4 1H-NMR data for 7, 8, 10, 11, 12, 13 and 14

2

3

4 5 O

N

H

H

H

H
7 8 10 11 12 13 14

H2 6.83
3JH2–H3 = 8.2
4JH2–H4 = 1.7

6.80
3JH2–H3 = 8.1
4JH2–H4 = 1.7

6.91
3JH2–H3 = 7.5
4JH2–H4 = 1.5

6.83
3JH2–H3 = 7.8
4JH2–H4 = 1.7

6.85
3JH2–H3 = 7.7
4JH2–H4 = 1.8

6.84
3JH2–H3 = 8.1
4JH2–H4 = 1.5

6.85
3JH2–H3 = 7.5
4JH2–H4 = 1.6

H3 6.85
3JH3–H4 = 7.9
3JH2–H3 = 8.2
4JH3–H5 = 1.5

6.87
3JH3–H4 = 7.8
3JH2–H3 = 8.1
4JH3–H5 = 1.6

7.03
3JH3–H4 = 7.4
3JH2–H3 = 7.5

6.87
3JH3–H4 = 7.6
3JH2–H3 = 7.8
4JH3–H5 = 1.5

6.90
3JH3–H4 = 7.4
3JH2–H3 = 7.7
4JH3–H5 = 1.6

6.90
3JH3–H4 = 7.6
3JH2–H3 = 8.1
4JH3–H5 = 1.5

6.90
3JH3–H4 = 7.3
3JH2–H3 = 7.5
4JH3–H5 = 1.5

H4 7.26
3JH4–H5 = 7.4
4JH2–H4 = 1.7
3JH3–H4 = 7.9

7.30
3JH4–H5 = 7.4
4JH2–H4 = 1.7
3JH3–H4 = 7.8

7.23
3JH4–H5 = 6.3
4JH2–H4 = 1.5
3JH3–H4 = 7.4

7.26
3JH4–H5 = 7.1
4JH2–H4 = 1.7
3JH3–H4 = 7.6

7.28
3JH4–H5 = 6.3
4JH2–H4 = 1.8
3JH3–H4 = 7.4

7.29
3JH4–H5 = 7.1
4JH2–H4 = 1.5
3JH3–H4 = 7.6

7.30
3JH4–H5 = 6.5
4JH2–H4 = 1.6
3JH3–H4 = 7.3

H5 7.17
4JH3–H5 = 1.5
3JH4–H5 = 7.4

7.22
4JH3–H5 = 1.6
3JH4–H5 = 7.4

7.28
3JH4–H5 = 6.3

7.17
4JH3–H5 = 1.5
3JH4–H5 = 7.1

7.28
4JH3–H5 = 1.6

7.24
4JH3–H5 = 1.5
3JH4–H5 = 7.1

7.20
4JH3–H5 = 1.5
3JH4–H5 = 6.5

N–CH2–CH2 – d:1.65(m,16H) 1.45(m,1H)

1.80(m,1H)

1.60(m,4H)

p:1.90(m,8H)

1.25(m,2H)

1.30(m,2H)

p:2.00(m,4H)

0.90(m,2H)

1.30(m,2H)

0.54(m,2H)

0.94(m,2H)

d:1.87(t,4H)
2JHH = 5.2

N–CH2 3.20(m,4H)

m:2.69(m,16H)

2.63(d,4H)
3JPH = 15.6

d:3.28(m,16H)

3.45(m,4H)

m:3.00(m,8H)

m:3.20(m,8H)

3.20(m,4H)

p:3.30(m,8H)

3.15(m,1H)

3.45(m,3H)
3JPH = 14.6

p:3.35(m,3H)

p:3.60(m,1H)
3JPH = 6.5

3.20(m,2H)

3.40(m,2H)

m:3.30(m,4H)

3.58(m,2H)

3.60(m,2H)

d:3.37(m,64H)

Ar–CH2–N 3.65(m,2H)

4.50(m,2H)

3.60(d,2H)
3JPH = 11.8 Hz

4.55(d,2H)
3JPH = 11.8 Hz

3.40(m,2H)

4.55(q,2H)
2JHH = 7.8
3JPH = 14.5

3.75(m,2H)

4.80(q,2H)
2JHH = 8.7
3JPH = 13.4

3.68(q,1H)
3JPH = 12.7

3.75(q,1H)
2JHH = 9.4
3JPH = 14.1

4.55(q,1H)
3JPH = 13.8
2JHH = 8.4

4.94(q,1H)
3JPH = 13.3

3.70(m,2H)

4.40(m,2H)

3.70(m,2H)

4.36(q,2H)
3JPH = 10.0

O–CH2–CH2 3.70(m,2H)

4.14(m,2H)

4.18(m,2H)

3.45(m,2H)

4.30(m,2H)

3.90(m,2H)

4.35(m,4H) 3.65(m,2H)

4.10(m,2H)

3.68(m,2H)

4.17(m,2H)

4.15(m,2H)

3.65(m,2H)

O–CH2 4.50(m,4H)

m:3.70(m,16H)

4.38(m,4H)

d:3.95(m,16H)

4.06(m,2H)

4.11(m,2H)

m:3.73(m,8H)

3.45(m,8H)

3.80(m,2H)

4.15(m,2H)

4.20(m,2H)

4.35(m,2H)

4.52(m,2H)

4.90(m,2H)

m:3.76(m,4H)

4.35(m,2H)

4.20(m,2H)

d:4.02(m,4H)

d are reported in ppm, J values in Hz

d DASD, m morpholine, p pyrrolidine, s singlet, d doublet, t triplet, q quartet, m multiplet
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give very complex 1H NMR spectra, since the aliphatic

protons are not equivalent to each other. The benzylic Ar-

CH2 diastrotopic protons are highly separated from each

other and can easily be distinguished by using HETCOR;

one of the peak groups is in the range of d 3.40–3.70 ppm,

whilst the other is in the range of d 4.10–4.55 ppm. These

protons give generally quartets, because of the 2JHH and
3JPH couplings, as expected from PNCH2-precursor. On the

other hand, the signals of the non-protonated carbon atoms

disappear in DEPT spectrum of 14 as compared with the
1H decoupled 13C NMR spectrum (Fig. 5a, b). So, in

compounds 8 and 14, the d values of spiro carbons of

DASD are assigned at 107.7 and 105.0 ppm, respectively.

In addition, the 2JPC values of Ar-CH2 of seven membered

spiro-crypta phosphazenes, 13 and 14, are larger than the

five membered spiro-crypta phosphazene, 8. While, the
2JPC values of N–CH2 of five membered spiro-crypta

phosphazenes, 7 and 8, are highly larger than those of

seven membered ones, 13 and 14 (Table 5)

X-Ray analyses of 9, 13 and 14

In order to further corroborate the structural assignments,

single crystal X-ray structures of compounds 9, 13 and 14

are reported. Their molecular structures are given in

Figs. 1a, 2a and 3a, respectively. Their phosphazene rings

are not planar, and are in flattened-boat [Fig. 1b; /2 =

-171.88(1.92)� and h2 = 142.59(1.04)�], twisted [Fig. 2b;

/2 = -84.52(90)� and h2 = 152.03(40)�] and twisted

[Fig. 3b; /2 = -93.22(1.40)� and h2 = 29.00(56)�] con-

formations having total puckering amplitudes QT of

0.153(3) Å, 0.176(1) Å and 0.171(2) Å, respectively.

In 9, the six-membered ring (P3/N6/N7/C9–C11) is in

chair conformation [Fig. 1c; QT = 0.936(1) Å, /2 =

-26.3(9)� and h2 = 124.4(3)�]. In 13, the seven-membered

ring (P1/N4/N5/C1–C4) is in twisted conformation [Fig. 2c;

QT = 1.277(3) Å, /2 = -49.5(1)�, /3 = -161.6(2)� and

h2 = 44.3(1)�]. In 14, the seven-membered ring (P1/N4/N5/

C19–C22) is also in twisted conformation [Fig. 3c;

QT = 0.866(3) Å, /2 = 117.8(3)�, /3 = 75.8(2)� and

h2 = 34.9(2)�]. As expected, none of the macrocyclic rings

are planar with the puckering amplitudes QT of 1.488(8) Å

(for 9), 1.876(2) Å (for 13) and 1.930(3) Å (for 14).

The average P–N bond lengths in phosphazene rings of 9,

13 and 14 are 1.584(4), 1.585(2), and 1.582(2) Å, which are

shorter than the average exocyclic P–N bonds of 1.644(5),

1.632(2) and 1.628(2) Å for 9, 13 and 14, respectively. The

sum of the bond angles around the N atoms in the six-

and seven-membered spiro-cyclic rings are [344.8(4)� and

347.6(4)�] for 9, [357.2(1) and 359.3(1)�] for 13 and

[359.8(2)� and 358.0(2)�] for 14, which approve that the N

atoms in 9 have pyramidal geometries. Hence, they may have

stereogenic configurations, as in compound 4 [24]. As can be

seen from Table 2; in 9, the a (N2–P3–N3) [113.5(2)�] and c
(N1–P1–N3) [115.6(2)�] angles are narrowed, while b (P1–

N3–P3) [125.3(3)�] angle is highly expanded, considerably

with respect to the corresponding values in ‘‘standard’’

compound N3P3Cl6. In N3P3Cl6, the a, a0, c, c0, b and d angles

are 118.3(2)�, 101.2(1)�, 118.3(2)�, 101.2(1)�, 121.4(3)� and

121.4(3)�, respectively [37]. The narrowing in the a and c
angles imply that strong electron back-donation to the N3P3

phosphazene rings have occurred from the exocyclic N

atoms and pyrrolidine rings. The electron back-donation also

causes to the shortening of the exocyclic P–N bonds. In 13, a
(N1–P1–N3) [113.13(7)�] and d (P2–N2–P3) [117.13(9)�]

angles are narrowed, while c (N1–P2–N2) [120.00(8)�] and

c0 (Cl3–P2–N6) [104.78(7)�] angles are expanded as in

compound 14, where a, d, c and c0 angles are 112.46(12)�,

116.90(16)�, 119.30(13)� and 104.15(10)�, respectively.

The inner hole-sizes of the macrocycles in radii of 9, 13

and 14, estimated as twice the mean distances of the donor

atoms from their centroids, are approximately 1.73 Å (for 9),

1.53 Å (for 13) and 1.58 Å (for 14) using the ‘modified

Fig. 5 a The 13C-NMR and b DEPT spectra of compound 14

Fig. 6 The HETCOR spectrum of 14
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covalent radii’ of the Nsp
2 (0.66 Å), Nsp

3 (0.72 Å) and Osp
3

(0.76 Å) atoms, as in the literature method [38]. Compound

14 also contains the acetonitrile molecules forming caviplex

[39], as depicted in the packing diagram of 14 (Fig. 7).

Dipole–dipole and van der Waals forces may be effective in

holding the acetonitrile molecules in the cavities.

Table 5 13C-NMR (decoupled) spectral data for 7, 8, 10, 11, 12, 13 and 14

12

3

4 5

6
O

N

H

H

H

H
7 8 10 11 12 13 14

C1 125.3
3JPC = 9.2

126.0
3JPC = 8.8

125.3
3JPC = 11.0

127.8
3JPC = 7.0

127.8
3JPC = 7.1

127.7
3JPC = 7.3

127.6
3JPC = 11.0

127.5
3JPC = 7.3

125.7
3JPC = 7.1

125.8
3JPC = 3.8

C2 131.9 132.0 130.5 131.2 131.7

131.5

131.8

131.5

129.8

129.6

C3 120.3 120.1 121.0 119.9 120.3

119.9

120.1

119.8

118.1

117.9

C4 129.2 128.9 128.3 128.7 128.6

128.8

128.6

128.8

126.9

126.7

C5 111.3 111.3 114.0 110.0 110.7

110.8

110.6

110.8

108.6

108.7

C6 158.0 158.1 157.5 157.9 157.7

157.0

157.7

157.0

155.0

155.7

N–CH2–CH2 – d: 35.8 30.3 27.7

p: 26.4
3JPC = 9.3

27.8; 28.2

p: 26.0
3JPC = 11.0

29.7; 28.2 26.3; 25.9

d: 32.8; 32.7
3JPC = 10.6

N–CH2 44.9
2JPC = 18.3

m: 42.3; 42.5

42.8
2JPC = 12.3

d: 42.3

46.2

m: 44.9

45.8
2JPC = 6.1

p: 46.2
2JPC = 4.2

49.0
2JPC = 7.0

46.6
2JPC = 6.7

p: 46.8
2JPC = 2.6

49.0
2JPC = 7.4

46.9
2JPC = 7.1

m: 43.9

47.1
2JPC = 7.0

45.0
2JPC = 6.6

d: 40.3

Ar–CH2–N 46.0 45.8
2JPC = 3.1

46.8 49.7
2JPC = 7.9

49.7
2JPC = 7.9

51.0
2JPC = 7.4

51.2
2JPC = 7.4

49.8
2JPC = 7.8

47.9
2JPC = 7.9

49.2
2JPC = 7.5

O–CH2–CH2 69.8 69.9 69.8 69.6 69.2; 69.6 69.5; 69.2 67.2; 67.6

O–CH2 68.4

m: 67.4
3JPC = 8.2

66.3 69.6

m: 67.3
3JPC = 11.0

67.4
3JPC = 11.0

67.7 67.4; 66.6 67.3; 66.5

m: 66.6
3JPC = 11.8

64.5; 65.3

d: 62.5

O–C–O – d: 107.7 – – – – 105.0
4JPC = 1.8

d are reported in ppm, J values in Hz

d DASD, m morpholine, p pyrrolidine

280 J Incl Phenom Macrocycl Chem (2009) 65:269–286

123



The relationship between 31P NMR spectral and X-ray

crystallographic data

A systematic study of crystallographic data has revealed

correlations between structural parameters in four kinds of

analogous phosphazenes synthesized by our research group

(Table 6). The first group members are spiro-crypta

phosphazenes (type A). Pyrrolidine (type B), morpholine

and DASD (type C) substituted spiro-crypta phosphazenes

are the second and the third group members, respectively.

Ditopic spiro-crypta phosphazenes (type D) constitute the

fourth group. Using the bond angles (a and a0) and the bond

lengths (a and b) of phosphazene ring, it is observed a

number of relationships which can be gained from 31P NMR

spectral and X-ray crystallographic data. These include (1)

exocyclic (a0) and endocyclic (a) NPN bond angles versus

dPA(spiro)-shifts (Fig. 8) and (2) electron density transfer

parameters D(P–N) [D(a–b): the difference between the

bond lengths of two adjacent P–N bonds] and their rela-

tionships to both D(dP) and dPA-shifts (Fig. 9). The NPN

bond angles (a and a0) and bond lengths (a, a0, b and b0) on

the general formulae of the phosphazenes are marked and

dP-shifts, D(P–N) and D(dP) values that are needed to be

used for graph construction are listed in Table 6. In phos-

phazene derivatives, the variations in the bond angles

depend on the steric and electronic factors (for example the

conformation and electron releasing and the withdrawing

capacities of small or bulky substituents and the steric

hinderences of exocyclic groups) [19, 40]. The variations of

dP-shifts depend essentially on the variations of the angles

around the phosphorus atoms and especially on the varia-

tions of a- and a0-angles. In Fig. 8a showing the correlations

between dPA shifts and exocyclic NPN (a0) bond angles, it

has been found that relatively small changes in exocyclic

bond angles were shown to cause large changes in

dPA-shifts. On the left hand side of the curve, the five

membered crypta rings (1 and 4) are accumulated, while the

six and seven membered ones are accumulated on the right

hand side of the curve. Moreover, a ‘‘cluster’’ of points

rather than a trend of the linearity has been observed

between dPA-shifts and the endocyclic (a) NPN bond angles

(Fig. 8b). In Fig. 8b, one can easily observe two separate

regions (A and B). It is observed that the points of types A

and C phosphazenes and types B and D phosphazenes are

accumulated in regions A and B, respectively (Fig. 8b). The

order of a-values are; N3P3Cl6 [37] [ the phosphazenes in

region B cycle [ the phosphazenes in region A cycle. On

the other hand, the relationship between the D(P–N) values

and dPA or D(dP) shifts are illustrated in Fig. 9. Electron

density transfer parameter D(P–N) indicates the measure of

electron releasing and withdrawing capacities of the sub-

stituents bonded to the phosphazene ring [41], D(P–N)

values are calculated from the equations given in Table 6

for four different types of phosphazenes. When D(P–N)

values are increasing, the substituents bonding to phos-

phazene ring withdraw electrons from the ring. On the other

hand, when this value is decreasing, substituents bonding to

phosphazene ring release electrons to the ring. In addition,

the shortening of the endocyclic P–N bonds is likely to be a

measure of these properties. In Fig. 9a, the points also seem

as a ‘‘cluster’’. The electron releasing powers of the pyr-

rolidine substituents are more effective than those of the

spiro-rings. Therefore, the electron releasing powers of

the types B and D in region B cycle are greater than those of

Fig. 7 A packing diagram of

compound 14

J Incl Phenom Macrocycl Chem (2009) 65:269–286 281

123



T
a

b
le

6
N

P
N

b
o

n
d

an
g

le
s

(a
an

d
a0

),
b

o
n

d
le

n
g

th
s

(a
,

a0
,

b
an

d
b
0 )

,
dP

-s
h

if
ts

,
D

(P
–

N
)

an
d

D
(d

P
)

v
al

u
es

fo
r

th
e

co
m

p
o

u
n

d
s

[d
P

v
al

u
es

ar
e

re
p

o
rt

ed
in

p
p

m
,
a

an
d

a0
an

g
le

s
in

(�
)]

a'
a

b'
b

R

(
(

P N
PN

PN

O
   

   
   

O

N
 

   
N(

(

R
'

X X

X

   
  X

Aα 
'

α

(A
)

X
=

C
l

R
'

YY

A

a'

a b'

b

R

(
(

P N
PN

PN

O
   

   
   

O

N
 

   
N(

(

X

   
  X

α 
'

α (B
)

X
=

C
l, 

Y
=

N

R
'

XZ

A

a'

a b'

b

R

(
(

P N
PN

PN

O
   

   
   

O

N
 

   
N(

(

X

   
  X

α 
'

α

(C
)

X
=

C
l, 

Z
=

N
O

,
N

O
O

αA

b

b

a

a

α 
'

N
PN

PN

   
   

   
 X

   
   

   
X

R

(
(

P

O
   

   
   

O

N
 

   
N(

(

R
'

R

( (

O

   
   

   
ON

   
N

((

R
'

 α
α 

'
A

(D
)

X
=

C
l

T
y

p
e

R
R
0

C
o

m
p

.
a

a0
b

b
0

D
(P

–
N

)
dP

X
dP

A
D

(d
P

)
D

(P
–

N
):

dP
A

D
(P

–
N

):

D
(d

P
)

N
P

N
(a
0 )

:d
P

A
N

P
N

(a
):
dP

A

(A
)

(C
H

2
) 2

(C
H

2
) 3

(I
)1

6
1

.6
2

6
7

(1
9

)
1

.6
0

2
0

(1
9

)
1

.5
5

9
7

(1
9

)
1

.5
5

9
8

(1
9

)
0

.0
5

4
6

2
1

.1
2

,
2

5
.5

2
1

5
.3

0
8

.0
2

0
.0

5
4

6
:1

5
.3

0
0

.0
5

4
6

:8
.0

2
9

5
.2

2
:1

5
.3

0
1

1
1

.7
8

:1
5

.3
0

(C
H

2
) 2

(C
H

2
–

C
H

2
) 2

O

(4
)1

7
,1

8
1

.5
9

8
(4

)
1

.6
2

2
(4

)
1

.5
6

2
(4

)
1

.5
5

3
(4

)
0

.0
5

2
5

2
3

.5
8

,
2

4
.4

6
1

5
.5

0
9

.0
2

0
.0

5
2

5
:1

5
.5

0
0

.0
5

2
5

:9
.0

2
9

5
.4

3
:1

5
.5

0
1

1
1

.6
0

:1
5

.5
0

(C
H

2
) 3

(C
H

2
) 2

(I
I)

1
9

1
.6

0
0

8
(1

6
)

1
.6

2
8

7
(1

6
)

1
.5

6
3

3
(1

6
)

1
.5

5
2

5
(1

5
)

0
.0

5
6

8
5

1
7

.5
1

,
2

2
.7

2
1

4
.2

0
5

.9
5

0
.0

5
6

8
5

:1
4

.2
0

0
.0

5
6

8
5

:5
.9

5
1

0
5

.3
3

:1
4

.2
0

1
1

4
.2

4
:1

4
.2

0

(C
H

2
) 3

(C
H

2
) 3

(I
II

)2
0

1
.6

1
6

(2
)

1
.5

9
7

(2
)

1
.5

4
2

(2
)

1
.5

4
8

2
(1

9
)

0
.0

6
1

4
1

7
.5

2
,

2
4

.7
1

1
3

.7
1

7
.4

0
5

0
.0

6
1

4
:1

3
.7

1
0

.0
6

1
4

:7
.4

0
5

1
0

3
.0

5
:1

3
.7

1
1

1
1

.7
6

:1
3

.7
1

(C
H

2
) 3

(C
H

2
) 4

(I
V

)2
1

1
.6

0
2

(3
)

1
.6

2
6

(3
)

1
.5

4
6

(3
)

1
.5

3
6

(3
)

0
.0

7
3

1
9

.3
5

,
2

5
.3

0
1

5
.2

5
7

.0
7

5
0

.0
7

3
:1

5
.2

5
0

.0
7

3
:7

.0
7

5
1

0
3

.6
9

:1
5

.2
5

1
1

2
.5

0
:1

5
.2

5

(C
H

2
) 3

(C
H

2
–

C
H

2
) 2

O

(5
)1

7
1

.6
1

1
(4

)
1

.5
9

5
(4

)
1

.5
6

2
(4

)
1

.5
5

8
(5

)
0

.0
4

3
1

9
.5

8
,

2
3

.5
0

1
7

.1
5

4
.3

9
0

.0
4

3
:1

7
.1

5
a

0
.0

4
3

:4
.3

9
a

1
0

4
.9

:1
7

.1
5

1
1

1
.8

:1
7

.1
5

1
.6

3
9

(5
)

1
.6

0
0

(5
)

1
.5

4
8

(5
)

1
.5

5
4

(5
)

0
.0

6
8

5
0

.0
6

8
5

:1
7

.1
5

0
.0

6
8

5
:4

.3
9

1
0

4
.7

:1
7

.1
5

1
1

2
.6

:1
7

.1
5

(C
H

2
) 4

(C
H

2
) 3

(V
)2

2
1

.6
1

0
(2

)
1

.6
2

2
(2

)
1

.5
4

7
6

(1
9

)
1

.5
4

5
(2

)
0

.0
6

9
6

5
1

8
.6

7
,

1
9

.9
6

1
5

.3
1

4
.3

0
5

0
.0

6
9

6
5

:1
5

.3
1

0
.0

6
9

6
5

:4
.3

0
5

1
0

6
.3

5
:1

5
.3

1
1

1
1

.8
8

:1
5

.3
1

(C
H

2
) 4

(C
H

2
) 4

(V
I)

2
2

1
.6

2
6

(2
)

1
.6

1
7

(2
)

1
.5

4
6

(2
)

1
.5

4
9

(2
)

0
.0

7
4

1
9

.0
7

,
2

0
.2

6
1

4
.0

6
5

.6
0

5
0

.0
7

4
:1

4
.0

6
0

.0
7

4
:5

.6
0

5
1

0
3

.3
9

:1
4

.0
6

1
1

2
.3

2
:1

4
.0

6

(B
)

(C
H

2
) 3

(C
H

2
) 3

(V
II

)2
2

1
.6

0
3

(3
)

1
.6

2
0

(3
)

1
.5

6
2

(3
)

1
.5

4
5

(3
)

0
.0

5
8

2
7

.2
0

1
8

.3
3

8
.8

7
0

.0
5

8
:1

8
.3

3
0

.0
5

8
:8

.8
7

1
0

0
.6

2
:1

8
.3

3
1

1
4

.3
5

:1
8

.3
3

(C
H

2
) 3

(C
H

2
) 4

(V
II

I)
2
0
,2

3
1

.6
0

2
0

(1
5

)
1

.6
2

0
6

(1
5

)
1

.5
7

2
0

(1
5

)
1

.5
5

9
4

(1
5

)
0

.0
4

5
6

2
6

.7
4

1
8

.8
6

7
.8

8
0

.0
4

5
6

:1
8

.8
6

0
.0

4
5

6
:7

.8
8

1
0

3
.6

:1
8

.8
6

1
1

6
.5

1
:1

8
.8

6

(C
H

2
) 3

(C
H

2
–

C
H

2
) 2

O

(9
)

1
.6

2
3

(4
)

1
.6

1
8

(5
)

1
.5

6
0

(4
)

1
.5

4
4

(4
)

0
.0

6
8

5
2

2
.8

7
1

9
.9

5
2

.9
2

0
.0

6
8

5
:1

9
.9

5
0

.0
6

8
5

:2
.9

2
1

0
2

.6
:1

9
.9

5
1

1
3

.5
:1

9
.9

5

(C
)

(C
H

2
) 4

(C
H

2
–

C
H

2
) 2

O

(1
3
)

1
.6

1
5

2
(1

4
)

1
.5

8
9

6
(1

6
)

1
.5

5
6

5
(1

4
)

1
.5

6
7

0
(1

5
)

0
.0

4
0

6
5

2
1

.3
9

,
2

5
.0

3
1

6
.0

6
7

.1
5

0
.0

4
0

6
5

:1
6

.0
6

0
.0

4
0

6
5

:7
.1

5
1

0
2

.5
5

:1
6

.0
6

1
1

3
.1

3
:1

6
.0

6

(C
H

2
) 4

(C
H

2
–

C
H

2
) 2

O

(1
4
)

1
.6

1
3

(2
)

1
.5

9
7

(3
)

1
.5

4
3

(2
)

1
.5

6
3

(2
)

0
.0

6
2

5
2

1
.2

5
,

2
5

.0
5

1
6

.0
2

7
.1

3
0

.0
6

2
5

:1
6

.0
2

0
.0

6
2

5
:7

.1
3

1
0

2
.1

6
:1

6
.0

2
1

1
2

.4
6

:1
6

.0
2

(D
)

(C
H

2
) 3

(C
H

2
) 3

(I
X

)2
3

1
.5

9
6

6
(1

9
)

–
1

.5
7

0
5

(1
9

)
–

0
.0

2
6

1
2

9
.7

0
1

7
.5

8
1

2
.1

2
0

.0
2

6
1

:1
7

.5
8

0
.0

2
6

1
:1

2
.1

2
1

0
1

.0
3

:1
7

.5
8

1
1

5
.0

1
:1

7
.5

8

1
.6

3
6

3
(1

9
)

–
1

.5
5

9
1

(1
8

)
–

0
.0

7
7

2
0

.0
7

7
2

:1
7

.5
8

a
0

.0
7

7
2

:1
2

.1
2

a
1

0
1

.3
6

:1
7

.5
8

1
1

4
.5

2
:1

7
.5

8

(C
H

2
) 3

(C
H

2
) 4

(X
)2

3
1

.5
9

7
(3

)
–

1
.5

4
8

(3
)

–
0

.0
4

9
2

8
.9

0
1

8
.5

0
1

0
.4

0
.0

4
9

:1
8

.5
0

a
0

.0
4

9
:1

0
.4

a
1

0
0

.7
5

:1
8

.5
0

1
1

3
.4

5
:1

8
.5

0

1
.6

0
0

(3
)

–
1

.5
6

0
(3

)
–

0
.0

4
0

0
.0

4
0

:1
8

.5
0

0
.0

4
0

:1
0

.4
1

0
0

.3
5

:1
8

.5
0

1
1

3
.9

6
:1

8
.5

0

a
T

h
e

p
o

in
t

h
as

n
o

t
b

ee
n

ta
k

en
in

to
ac

co
u

n
t

fo
r

g
ra

p
h

co
n

st
ru

ct
io

n

282 J Incl Phenom Macrocycl Chem (2009) 65:269–286

123



the types A and C in region A. The homologous compounds

Fig. 9b can be comparable with each other. Based on the

electron releasing capacity of the spiro-crypta group, it has

been made an order in Table 7. Type D compounds (IX and

X) are ditopic, while the others are monotopic. As expected,

the electron releasing powers of two macrorings are greater

than that of one macroring. In addition, when the number of

atoms increase in the macroring, the electron releasing

capacity of the macroring decreases. The electron releasing

powers of macrorings are in the following order: macror-

ings with five membered crypta rings [ macrorings with

six membered crypta rings [ macrorings with seven

membered crypta rings. When we compared the geminal

pyrrolidine substituted phosphazenes (type B) with the

phosphazenes (type A), it is observed that the electron

releasing power of pyrrolidino groups in VII and VIII are

Table 7 Substituent effect on

electron releasing to N3P3 ring

Substituent 

macrocyclic
ring

crypta 
ring

R( (

P

N
P

N

P

N

O          O

N    N

(( R'

X(Y)

X(Y)

X

(Z)X

The order of electron releasing power 

Macrocyclic ring 

R( (O          O

N    N

(( R'

Skeletal structure 

O          O

N    N

16-membered
(IX)

O          O

N    N

17-membered
(X)

(IX) > (X)

O          O

N    N

15-membered
(II)

O          O

N    N

16-membered
(III)

O          O

N    N

17-membered
(IV)

(II) > (III) > (IV)

O          O

N    N

17-membered
(V)

O          O

N    N

18-membered
(VI)

(V) > (VI)

Crypta ring 

R( (O          O

N    N

(( R'

P

Skeletal structure 

O          O

N    N
P

5-membered
(I)

O          O

N    N
P

6-membered
(III)

O          O

N    N
P

7-membered
(V)

(I) > (III) > (V)

O          O

N    N
P

6-membered
(IV)

O          O

N    N
P

7-membered
(VI)

(IV) > (VI)

P

O          O

N    N

O

5-membered
(4)

O          O

N    N
P

O

6-membered
(5)

(4) > (5)

X=Cl, Y= N

Z= N
O

, N

O
O

R( (

P

N
P

N

P

N

O          O

N    N

(( R'

X(Y)

X(Y)

X

(Z)X

P

N
P

N

P

N

N    N

Y

Y

X

     X

O          O

(VII)

P

N
P

N

P

N

N    N

X

X

X

     X

O          O

(III)

(VII) > (III)

P

N
P

N

P

N

N    N

Y

Y

X

     X

O          O

(VIII)

O          O
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N
P

N

P
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N    N

X

X

X

     X

(IV)

(VIII) > (IV)

P

N
P

N

P

N

N    N

Y

Y

X

     X

O          O
O

(9)

O          O
O

P

N
P

N

P

N

N    N

X

X

X

     X

(5)

(9) > (5)

O

P

N
P

N

P

N

N    N

Z

X

X

X

O          O

(13)

O

P

N
P

N

P

N

N    N

Z

X

X

X

O          O

(14)

(13) > (14)
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greater than those of the chloro groups in III and IV.

Interestingly, D(P–N) values of 9 in type B and 5 in type A

are the same. In case of mono substituted phosphazenes

(type C), the electron releasing capacity of morpholino

group is much larger than that of DASD.

Conclusions

In this study, the new substituted spiro-crypta phosphazene

derivatives (7, 8, 10–14) have been obtained. According to

the 31P NMR spectra of fully substituted counterparts (7, 8

and 10), these compounds have anisochrony. In addition,

spiro-cyclic nitrogen atoms of 9 are stereogenic, as indi-

cated by the X-ray crystallographic data. The variations of

dP-shifts depend on the steric and electronic factors of

bulky substituents, which change the angles of the phos-

phazene ring. The correlation of the endocyclic (a) and

exocyclic (a0) NPN bond angles with dPspiro-shifts has been

investigated. Meanwhile, the relationships between D(P–N)

versus the dPspiro-shifts and D(dP) values have been pre-

sented. No linear relationship has been observed. The

points appear as a ‘‘cluster’’ in Figs. 8 and 9.

Supplementary data

Crystallographic data for the structures reported here have

been deposited at the CCDC as supplementary data, CCDC

nos. 604056 for 9, 716636 for 13 and 716637 for 14.

Copies of the data can be obtained on application to

CCDC, 12 Union Road, Cambridge CB2 1EZ, UK. E-mail:

deposit@ccdc.cam.ac.uk.
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40. Bilge, S., Özgüç, B., Safran, S., Demiriz, Ş., _Işler, H., Hayvalı,
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