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The condensation reactions of N2Ox (x ) 2, 3) donor-type aminopodand (4) and dibenzo-diaza-crown ethers (5,
6, and 9) with hexachlorocyclotriphosphazatriene, N3P3Cl6, produce two kinds of partially substituted novel
phosphazene derivatives, namely, spiro-bino-spiro- (19) and spiro-crypta (21, 22, and 25) phosphazenes. The
partially substituted spiro-ansa-spiro-phosphazene (11) reacted with pyrrolidine and 1,4-dioxa-8-azaspiro[4,5]decane
(DASD) give the corresponding new fully substituted phosphazenes (14 and 16). Unexpectedly, the reactions of 23
and 24 with pyrrolidine result in only geminal crypta phosphazenes (26 and 27). The solid-state structures of 16
and 22 have been determined by X-ray diffraction techniques. The relative inner hole-size of the macrocycle in the
radii of 22 is 1.27 Å. The relationship between the exocyclic NPN (R′) and endocyclic (R) bond angles for spiro-
crypta phosphazenes and exocyclic OPN (R′) bond angles for spiro-ansa-spiro- and spiro-bino-spiro-phosphazenes
with 31P NMR chemical shifts of NPN and OPN phosphorus atoms, respectively, have been investigated. The
structures of 10, 14, 16, 19, 21, 22, and 25−27 have also been examined by FTIR, 1H, 13C, and 31P NMR, HETCOR,
MS, and elemental analyses. The 31P NMR spectra of 10, 21, 22, and 25 indicate that the compounds have
anisochrony. In compounds 16 and 22, the spirocyclic nitrogen atoms have pyramidal geometries resulting in
stereogenic properties.

Introduction

N3P3Cl6 is known as the standard compound in the field
of phosphazene chemistry. It has been used in the preparation
of novel phosphazene derivatives with different substituents
which are very effective in determining the physical and
chemical properties of new phosphazene compounds. For
several reasons, cyclophosphazenes have continued to attract
the increased attention of researchers in recent years. One
area of interest has focused on the replacement reactions of
the halogen atom or atoms of halophosphazenes by different

nucleophiles. The reactions of N3P3Cl6 with nucleophilic
reagents, such as primary and secondary amines,1 polyamines,2

aliphatic and aromatic diols and diamines,3 and oligoethylene

* To whom correspondence should be addressed. Phone:+90-312-
2126720. Fax:+90-312-2232395. E-mail: zkilic@science.ankara.edu.tr.

(1) (a) Fincham, J. K.; Hursthouse, M. B.; Parker, H. G.; Shaw (ne´e
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glycols,4 have been shown to yield spiro-, ansa-, binoarchi-
tectures or the mixtures of these compounds. In recent years,
two interesting papers about the reactions of bifunctional
reagents with fluoro- and chlorophosphazenes have appeared
in the literature, and it has been reported that, in these
reactions, ansa-, spiro-, ansa-spiro-, and bis(ansa-substituted)-
cyclophosphazenes have been isolated.5 Our group has
recently synthesized four novel families of partially substi-
tuted phosphazene derivatives with N2Ox (x)2,3) donor-type
crown ethers,6 bulky difunctional aminopodands,7 and tet-
rafunctional aminopodands,8 namely, spiro-crypta, spiro-
crown (PNP-lariat), spiro-ansa-spiro-, and spiro-bino-spiro-
phosphazenes. Another area of interest is the ring-opening
polymerization leading to the preparation of different poly-
phosphazene types, cyclolinear or cyclomatrix polymers.9

The use of cyclophosphazenes as ligands, in particular, for
transition metal ions is also an area of interest.10 Coordination
through a ring nitrogen atom or a substituted ligating group

to the phosphazene ring can result in interesting structures.11

The investigation of the stereogenic properties of cyclophos-
phazene derivatives has been a new subject of interest for
the last five years.2e,3a,12Cyclophosphazene derivatives have
given rise to considerable interest for the further design of
highly selective anticancer13 and antibacterial14 reagents.
Aziridine-crown-substituted phosphazene synthesized by
Brandt et al. cleaves DNA and halts the growth of cancer
cells.15 In addition, cyclophosphazenes have found industrial
applications in the production of inflammable textile fibers,
advanced elastomers,16 rechargeable lithium batteries,17 and
biomedical materials including synthetic bones.18

We report here (i) the synthesis of spiro-bino-spiro- (19)
and spiro-crypta (21, 22, and 25) phosphazenes from the
reactions of N3P3Cl6 with the aminopodand (4) and dibenzo-
diaza-crown ethers (5, 6, and 9), respectively; (ii) the
substitution of the Cl atoms of spiro-ansa-spiro (11) by
pyrrolidine and DASD giving the respective fully substituted
phosphazenes (14 and 16); (iii) the substitution of the Cl
atoms of spiro-crypta phosphazenes (23 and24) by pyrro-
lidine leading to thegeminalpyrrolidine-substituted phos-
phazenes (26and27) (Scheme 1); (iv) the analytical, physical
and spectral (IR,1H, 13C, and31P NMR, HETCOR, and MS)
data of10, 14, 16, 19, 21, 22, and25-27 in comparison to
the related compounds(11-13, 15, 17, 18, 208a and23, 24)6a;
(v) the X-ray structural analyses of16 and22; and (vi) the
relationship between theδP shifts and the X-ray crystal-
lographic data.

Experimental Section

General Methods.All reactions were performed under an inert
atmosphere of argon. The reaction solvents were dried and distilled
by standard methods before use. Compound1 was obtained from
Aldrich Chemical Co. and used without further purification. Melting
points were measured on a Gallenkamp apparatus using a capillary
tube.1H, 13C, and31P NMR and HETCOR spectra were obtained
on a Bruker DPX FT-NMR (400 MHz) spectrometer (SiMe4, as
an internal standard and 85% H3PO4 as an external standard). IR
spectra were recorded on a Mattson 1000 FTIR spectrometer in
KBr disks and were reported in per centimeter units. Microanalyses
were carried out by the microanalytical service of TUBITAK
(Turkey). Electrospray-ionization (ESI) and electron-impact (EI)
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mass spectrometric analysis were performed on the AGILEND 1100
MSD and VG-ZAPSPEC spectrometers, respectively. 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.Phosphazene derivatives11-13,
15, 17, 18, 208a 23, and 246a were prepared according to the
published procedures.

The preparation and crystallographic data of 8,8-dichloro-
1,2,10,11,13,14-hexahydro-6λ5,8λ5,10λ5-6,10-nitrilo[1,3,5,7,2,4,6]-
tetrazatriphosphonino-bis[1,3,2]oxazaphosphorine (10) were pub-
lished before.8b The MS, IR, and1H, 13C, and31P NMR data of10
will be discussed in this paper. ESI-MS (fragments based on35Cl,
Ir, %): m/z 348 ([M + H]+, 29), 314 ([(M - Cl)]+, 7), 291 ([(M -
C2H4ON)]+, 24). IR (KBr, cm-1): ν 2977-2857 (C-H aliph), 1188

(PdN), 587 (P-Cl). 1H NMR (400 MHz, CDCl3): δ 3.35 (m, 4H,
N-CH2), 3.45 (m, 4H, O-CH2-CH2), 4.48 (m, 4H, O-CH2). 13C
NMR (400 MHz, CDCl3): δ 45.0 (triplet,2JPC ) 7.8 Hz, N-CH2),
48.7 (triplet,2JPC ) 11.2 Hz, O-CH2-CH2), 67.0 (O-CH2).

18,19-Dihydro-8,8-dipyrrolidine-1-yl-6λ5,8λ5,10λ5-6,10-nitrilo-
16H,21H[1,3,5,7,2,4,6]tetrazatriphosphonino[2,1-b:6,7-b′]bis-
[1,3,2]benzoxazaphosphorine (14).A solution of 0.50 mL (6.05
mmol) of pyrrolidine in 50 mL of dry THF was slowly added to a
stirred solution of 0.50 g (1.06 mmol) of11 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 amine
hydrochloride was filtered off, and the solvent was evaporated. The
residue was subjected to column chromatography [benzene/THF
(1/1), Rf ) 0.84] and crystallized from CH3CN. Yield: 0.42 g
(74%). mp:: 250°C. Anal. Calcd for C24H32N7O2P3: C, 53.04; H,

Scheme 1
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5.93; N, 18.04. Found: C, 53.44; H, 5.92; N, 17.95. ESI-MS (Ir,
%): m/z 530 ([(M - CH2) + H]+, 60), 516 ([(M - C2H4) + H]+,
78). IR (KBr, cm-1): ν 3059, 3040 (C-H arom), 2965-2828 (C-H
aliph), 1583 (CdC), 1182 (PdN). 1H NMR (400 MHz, CDCl3):
δ 1.86 (m, 8H, N-CH2-CH2), 3.12 (m, 2H,ansaN-CH2), 3.25
(m, 8H, pyrrolidine N-CH2), 3.43 (m, 2H,ansaN-CH2), 3.84
(q, 2H, 3JPH ) 15.0 Hz, Ar-CH2-N), 4.47 (q, 2H,3JPH ) 15.0
Hz, Ar-CH2-N), 6.96-7.20 (8H, Ar-H). 13C NMR (400 MHz,
CDCl3, numberings of aromatic carbons are given in Scheme 1):
δ 26.32 (3JPC ) 9.3 Hz, N-CH2-CH2), 26.37 (3JPC ) 9.0 Hz,
N-CH2-CH2), 46.1 (2JPC ) 3.8 Hz, pyrrolidine N-CH2), 46.3
(2JPC ) 4.0 Hz, pyrrolidine N-CH2), 51.6 (Ar-CH2-N), 53.6
(ansaN-CH2), 119.0 (triplet,3JPC ) 8.6 Hz,C5), 123.0 (C3), 124.8
(triplet, 3JPC ) 8.1 Hz,C1), 126.4 (C4), 128.4 (C2), 151.2 (triplet,
2JPC ) 6.1 Hz,C6).

18,19-Dihydro-8,8-bis(1,4-dioxa-8-azaspiro[4,5]decane)-1-yl-
6λ5,8λ5,10λ5-6,10-nitrilo-16H,21H-[1,3,5,7,2,4,6]tetrazatriphos-
phonino[2,1-b:6,7-b′]bis[1,3,2]benzoxazaphosphorine(16). A
solution of 0.80 mL (6.24 mmol) of DASD in 50 mL of dry THF
was slowly added to a stirred solution of 0.50 g (1.06 mmol) of11
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
precipitated amine hydrochloride was filtered off, and the solvent
was evaporated. The residue was subjected to column chromatog-
raphy [benzene/THF (1/1),Rf ) 0.37] and crystallized from
n-heptane. Yield: 0.49 g (68%). mp: 252°C. Anal. Calcd for
C30H40N7O6P3: C, 52.40; H, 5.86; N, 14.26. Found: C, 52.81; H,
5.90; N, 14.08. CI-MS (Ir, %): m/z 688 ([M + H]+, 100), 545 ([M
- DASD)]+, 29). IR (KBr, cm-1): ν 3061, 3030 (C-H arom),
2982-2836 (C-H aliph.), 1585 (CdC), 1180 (PdN). 1H NMR
(400 MHz, CDCl3): δ 1.62 (br, 2H, N-CH2-CH2), 1.77 (br, 6H,
N-CH2-CH2), 3.15 (br, 2H,ansaN-CH2), 3.32 (br, 4H,DASD
N-CH2), 3.38 (br, 4H, DASD N-CH2), 3.44 (br, 2H, ansa
N-CH2), 3.84 (q, 2H,3JPH ) 14.8 Hz, Ar-CH2-N), 3.99 (s, 4H,
O-CH2), 4.00 (s, 4H, O-CH2), 4.48 (q, 2H,3JPH ) 14.8 Hz, Ar-
CH2-N), 6.99-7.32 (8H, Ar-H). 13C NMR (400 MHz, CDCl3):
δ 35.3 (3JPC ) 4.9 Hz, N-CH2-CH2), 35.6 (3JPC ) 5.7 Hz,
N-CH2-CH2), 42.6 (DASDN-CH2), 42.8 (DASDN-CH2), 43.6
(ansaN-CH2), 51.6 (Ar-CH2-N), 64.2 (O-CH2), 64.3 (O-CH2),
107.6 (O-C-O), 119.1 (C5), 123.2 (C3), 124.6 (C1), 126.4 (C4),
128.5 (C2), 151.1 (C6).

3,3′′-Butane-1,4-diylbis[4′,4′,6′,6′-tetrachloro-3,4-dihydrospiro-
[1,3,2-benzoxazaphosphorine-2,2′λ5-[4λ5,6λ5][1,3,5,2,4,6]triaza-
triphosphorine]] (19). K2CO3 ( 2.80 g, 20.0 mmol) was added to
a stirred solution of 3.00 g (10.0 mmol) of4 in 200 mL of dry
THF. The mixture was refluxed for 2 h and then cooled. A solution
of 1.70 g (5.00 mmol) of N3P3Cl6 in 100 mL of dry THF was added
dropwise to the stirred mixture at-10 °C for over 1 h. After the
mixture had been allowed to warm to ambient temperature, it was
stirred for 30 h with Ar being passed over the reaction mixture.
The precipitated amine hydrochloride and excess of K2CO3 were
filtered off, and the solvent was evaporated. The residue was
subjected to column chromatography with benzene. The first eluted
compound is19 (benzen,Rf ) 0.62), and it was crystallized from
benzene. Yield: 1.11 g (52%). mp: 110°C. Anal. Calcd for C18H20-
Cl8N8O2P6: C, 25.44; H, 2.37; N, 13.19. Found: C, 25.64; H, 2.39;
N, 13.16. CI-MS (fragments based on35Cl, Ir, %): m/z 847 ([M +
H]+, 45), 776 ([M - 2Cl)]+, 2). IR (KBr, cm-1): ν 3069, 3031
(C-H arom), 2934-2847 (C-H aliph), 1587 (CdC), 1173 (Pd
N), 597 (P-Cl). 1H NMR (400 MHz, CDCl3): δ 1.72 (t, 4H,3JHH

) 5.9 Hz, N-CH2-CH2), 3.12 (m, 4H,3JPH ) 11.8 Hz,3JHH )
5.9 Hz, N-CH2), 4.24 (d, 4H,3JPH ) 15.7 Hz, Ar-CH2-N), 7.06-
7.39 (8H, Ar-H). 13C NMR (400 MHz, CDCl3): δ 24.7 (3JPC )

4.2 Hz, N-CH2-CH2), 47.3 (2JPC ) 3.7 Hz, N-CH2), 47.9 (Ar-
CH2-N), 118.7 (3JPC ) 8.3 Hz, C5), 123.7 (3JPC ) 7.3 Hz, C1),
124.3 (C3), 126.6 (C4), 129.1 (C2), 149.9 (2JPC ) 8.5 Hz,C6). The
second product is13.8a

7,10-(Ethane-1,2-diyldioxydi-o-phenylene-dimethylene)-4,4,6,6-
tetrachloro-2λ5,4λ5,6λ5-triphosphaza(6-PV)-1,3,5,7,10-
pentaazaspiro[4.5]undeca-1,3,5-triene(21). A solution of 1.15 g
(3.30 mmol) of N3P3Cl6 in 100 mL of dry THF was slowly added
to a solution of 1.00 g (3.36 mmol) of5 and 1.90 mL (13.6 mmol)
of triethylamine in 50 mL of dry THF. The mixture was refluxed
for 8 h with argon being passed over the reaction mixture and then
cooled. The precipitated amine hydrochloride was filtered off, and
the solvent was evaporated under reduced pressure. The residue
was subjected to column chromatography (benzene,Rf ) 0.56) and
crystallized from a CH2Cl2/n-heptane (1/1) mixture. Yield: 1.14 g
(60%). mp: 238°C. Anal. Calcd for C18H20Cl4N5O2P3: C, 37.72;
H, 3.52; N, 12.22. Found: C, 38.05; H, 3.55; N, 12.31. CI-MS
(fragments based on35Cl, Ir, %): m/z572 ([M + H]+, 77). IR (KBr,
cm-1): ν 3063, 3038 (C-H arom), 2940-2878 (C-H aliph), 1599
(CdC), 1233, 1173 (PdN), 568 (P-Cl). 1H NMR (400 MHz,
CDCl3): δ 2.95 (m, 2H,3JPH ) 10.4 Hz,2JHH ) 5.7 Hz, N-CH2),
3.03 (m, 2H,3JPH ) 10.4 Hz,2JHH ) 5.7 Hz, N-CH2), 3.95 (q,
2H, 3JPH ) 13.8 Hz,2JHH ) 9.1 Hz, Ar-CH2-N), 4.45 (m, 4H,
Ar-O-CH2), 4.67 (q, 2H,3JPH ) 13.8 Hz,2JHH ) 9.1 Hz, Ar-
CH2-N), 6.89-7.29 (8H, Ar-H). 13C NMR (400 MHz, CDCl3):
δ 44.5 (2JPC ) 17.8 Hz, N-CH2), 46.7 (2JPC ) 7.2 Hz, Ar-CH2-
N), 65.8 (Ar-O-CH2), 111.3 (C5), 120.6 (C3), 124.6 (3JPC ) 3.1
Hz, C1), 129.4 (C4), 131.6 (C2), 157.6 (C6).

7,11-(Ethane-1,2-diyldioxydi-o-phenylene-dimethylene)-4,4,6,6-
tetrachloro-2λ5,4λ5,6λ5-triphosphaza(6-PV)-1,3,5,7,11-
pentaazaspiro[5.5]dodeca-1,3,5-triene (22).Compound22 was
obtained as described for21 with 1.00 g (3.21 mmol) of6, 1.80
mL (12.9 mmol) of triethylamine, and 1.08 g (3.10 mmol) of N3P3-
Cl6 (6 h) (benzene,Rf ) 0.72), and it was crystallized from
n-heptane. Yield: 1.24 g (68%). mp: 247°C. Anal. Calcd for
C19H22Cl4N5O2P3: C, 38.87; H, 3.78; N, 11.93. Found: C, 38.42;
H, 3.75; N, 11.96. CI-MS (fragments based on35Cl, Ir, %): m/z
586 ([M + H]+, 98). IR (KBr, cm-1): ν 3067, 3025 (C-H arom.),
2967-2840 (C-H aliph), 1601 (CdC), 1238, 1182 (PdN), 573
(P-Cl). 1H NMR (400 MHz, CDCl3): δ 1.58 (m, 2H, N-CH2-
CH2), 2.97 (m, 2H,3JPH ) 12.8 Hz,3JHH ) 9.8 Hz, N-CH2), 3.35
(m, 2H, 3JPH ) 12.8 Hz,3JHH ) 9.8 Hz, N-CH2), 3.66 (q, 2H,
3JPH ) 13.1 Hz,2JHH ) 7.2 Hz, Ar-CH2-N), 4.37 (m, 2H, Ar-
O-CH2), 4.49 (m, 2H, Ar-O-CH2), 4.57 (q, 2H,3JPH ) 13.1 Hz,
2JHH ) 7.2 Hz, Ar-CH2-N), 6.85-7.23 (8H, Ar-H). 13C NMR
(400 MHz, CDCl3): δ 23.8 (3JPC ) 4.7 Hz, N-CH2-CH2), 46.7
(N-CH2), 48.1 (Ar-CH2-N), 65.8 (Ar-O-CH2), 111.7 (C5),
120.2 (C3), 126.8 (3JPC ) 6.2 Hz,C1), 129.0 (C4), 131.9 (C2), 157.2
(C6).

7,12-(Pentane-3-oxa-1,5-diyldioxydi-o-phenylene-dimethylene)-
4,4,6,6-tetrachloro-2λ5,4λ5,6λ5-triphosphaza(6-PV)-1,3,5,7,12-
pentaazaspiro[6.5]trideca-1,3,5-triene (25).Compound25 was
prepared as described for21 with 1.00 g (2.70 mmol) of9, 1.50
mL (10.8 mmol) of triethylamine, and 0.92 g (2.65 mmol) of N3P3-
Cl6 (8 h) (benzene,Rf ) 0.50), and it was crystallized from a
CH2Cl2/heptane (1/1) mixture. Yield: 1.20 g (70%). mp: 212°C.
Anal. Calcd for C22H28Cl4N5O3P3: C, 40.95; H, 4.37; N, 10.85.
Found: C, 42.16; H, 4.40; N, 10.93. CI-MS (fragments based on
35Cl, Ir, %): m/z 644 ([M + H]+, 81). IR (KBr, cm-1): ν 3065,
3028 (C-H arom), 2934-2846 (C-H aliph), 1601 (CdC), 1229,
1163 (PdN), 570 (P-Cl). 1H NMR (400 MHz, CDCl3): δ 0.91 (t,
2H, 3JHH ) 6.7 Hz, N-CH2-CH2), 1.33 (m, 2H,3JHH ) 6.7 Hz,
N-CH2-CH2), 3.38 (q, 2H,3JPH ) 15.6 Hz, N-CH2), 3.44 (q,
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2H, 3JPH ) 15.6 Hz, N-CH2), 3.68 (q, 2H,3JPH ) 13.6 Hz,2JHH

) 7.3 Hz, Ar-CH2-N), 3.69 (m, 2H,2JHH ) 18.9 Hz,3JHH ) 8.6
Hz, 3JHH ) 9.5 Hz, Ar-O-CH2-CH2), 4.08 (t, 2H,2JHH ) 18.9
Hz, 3JHH ) 8.6 Hz, 3JHH ) 9.5 Hz, Ar-O-CH2-CH2), 4.70 (q,
2H, 3JPH ) 13.6 Hz,2JHH ) 7.3 Hz, Ar-CH2-N), 4.26 (q, 2H,
2JHH ) 11.4 Hz, 3JHH ) 8.6 Hz, 3JHH ) 9.5 Hz, Ar-O-CH2),
4.35 (t, 2H,2JHH ) 11.4 Hz,3JHH ) 8.6 Hz,3JHH ) 9.5 Hz, Ar-
O-CH2), 6.84-7.29 (8H, Ar-H). 13C NMR (400 MHz, CDCl3):
δ 27.9 (N-CH2-CH2), 48.2 (2JPC ) 7.0 Hz, N-CH2), 50.3 (2JPC

) 7.7 Hz, Ar-CH2-N), 66.8 (Ar-O-CH2), 69.8 (Ar-O-CH2-
CH2), 110.6 (C5), 120.2 (C3), 127.0 (3JPC ) 5.7 Hz,C1), 129.0 (C4),
131.7 (C2), 157.3 (C6).

7,10-(Pentane-3-oxa-1,5-diyldioxydi-o-phenylene-dimethylene)-
6,6-dichloro-4,4-bis(pyrrolidine-1-yl)-2λ5,4λ5,6λ5-triphosphaza-
(6-PV)-1,3,5,7,10-pentaazaspiro[4.5]undeca-1,3,5-triene (26).A
solution of 0.80 mL (9.73 mmol) of pyrrolidine in 50 mL of dry
THF was slowly added to a stirred solution of 0.50 g (0.81 mmol)
of 23 in 100 mL of dry THF at room temperature. The solution
was heated to reflux for 42 h with argon being passed over the
mixture. The precipitated amine hydrochloride was filtered off, and
the solvent was evaporated. The residue was subjected to column
chromatography [benzene/THF (1/1),Rf)0.90] and crystallized
from CH3CN. Yield: 0.34 g (61%). mp: 223°C. Anal. Calcd for
C28H40Cl2N7O3P3: C, 48.99; H, 5.87; N, 14.28. Found: C, 49.00;
H, 5.90; N, 14.16. ESI-MS (fragments based on35Cl, Ir, %): m/z
686 ([M + H]+, 100). IR (KBr, cm-1): ν 3065, 3040 (C-H arom.),
2913-2826 (C-H aliph), 1234 (PdN), 1603 (CdC), 579 (P-Cl).
1H NMR (400 MHz, CDCl3): δ 1.95 (m, 8H, N-CH2-CH2), 2.75
(m, 2H,spiro N-CH2), 3.04 (m, 2H,2JHH ) 12.3 Hz,3JHH ) 9.4
Hz, 3JHH ) 9.3 Hz, Ar-O-CH2), 3.32 (m, 2H,spiro N-CH2),
3.45 (m, 8H,pyrrolidine N-CH2), 3.77 (q, 2H,3JPH ) 12.2 Hz,
2JHH ) 9.1 Hz, Ar-CH2-N), 3.85 (m, 2H,2JHH ) 12.3 Hz,3JHH

) 9.4 Hz,3JHH ) 9.3 Hz, Ar-O-CH2-CH2), 4.24 (m, 2H,2JHH

) 12.3 Hz,3JHH ) 9.4 Hz, 3JHH ) 9.3 Hz, Ar-O-CH2-CH2),
4.28 (m, 2H,2JHH ) 12.3 Hz,3JHH ) 9.4 Hz,3JHH ) 9.3 Hz, Ar-
O-CH2), 4.52 (q, 2H,3JPH ) 12.2 Hz,2JHH ) 9.1 Hz, Ar-CH2-
N), 6.80-7.30 (8H, Ar-H). 13C NMR (400 MHz, CDCl3): δ 23.8
(3JPC ) 9.2 Hz, N-CH2-CH2), 42.2 (2JPC ) 17.3 Hz, spiro
N-CH2), 44.5 (2JPC ) 6.9 Hz, Ar-CH2-N), 46.7 (2JPC ) 4.9 Hz,
pyrrolidine N-CH2), 67.5 (Ar-O-CH2), 69.4 (Ar-O-CH2-CH2),
110.2 (C5), 120.0 (C3), 122.6 (C1), 129.8 (C4), 131.9 (C2), 158.0
(C6).

7,11-(Pentane-3-oxa-1,5-diyldioxydi-o-phenylene-dimethylene)-
6,6-dichloro-4,4-bis(pyrrolidine-1-yl)-2λ5,4λ5,6λ5-triphosphaza-
(6-PV)-1,3,5,7,11-pentaazaspiro[5.5]dodeca-1,3,5-triene (27).Com-
pound27was prepared As described for26with 0.50 g (0.79 mmol)
of 24 and 0.80 mL (9.67 mmol) of pyrrolidine (36 h) [benzene/
THF (1/1) mixture,Rf ) 0.82], and it was crystallized from CH3-
CN. Yield: 0.31 g (55%). mp: 191°C. Anal. Calcd for C29H42-
Cl2N7O3P3: C, 49.72; H, 6.04; N, 14.00. Found: C, 50.01; H, 5.99;
N, 13.92. ESI-MS (fragments based on35Cl, Ir, %): m/z 700 ([M
+ H]+, 45). IR (KBr, cm-1): ν 3063, 3041 (C-H arom), 2922-
2849 (C-H aliph), 1603 (CdC), 1229 (PdN), 577 (P-Cl). 1H
NMR (400 MHz, CDCl3): δ 1.28 (m, 2H,spiro N-CH2-CH2),
1.73 (m, 8H,pyrrolidine N-CH2-CH2), 2.79 (m, 2H,3JPH ) 15.6
Hz, spiro N-CH2), 3.10 (m, 2H,3JPH ) 15.6 Hz,spiro N-CH2),
3.20 (m, 8H,3JPH ) 4.2 Hz, pyrrolidine N-CH2), 3.38 (q, 2H,
3JPH ) 12.7 Hz,2JHH ) 9.2 Hz, Ar-CH2-N), 4.02 (m, 2H, Ar-
O-CH2-CH2), 4.11 (m, 2H, Ar-O-CH2), 4.21 (m, 2H, Ar-O-
CH2-CH2), 4.22 (m, 2H, Ar-O-CH2), 4.78 (q, 2H,3JPH ) 12.7
Hz, 2JHH ) 9.2 Hz, Ar-CH2-N), 6.95-7.28 (8H, Ar-H). 13C
NMR (400 MHz, CDCl3): δ 22.7 (spiroN-CH2-CH2), 26.3 (3JPC

) 9.0 Hz, pyrrolidine N-CH2-CH2), 26.5 (3JPC ) 8.8 Hz,

pyrrolidine N-CH2-CH2), 45.9 (spiro N-CH2), 46.2 (2JPC ) 3.8
Hz, pyrrolidineN-CH2), 46.3 (2JPC ) 3.2 Hz,pyrrolidineN-CH2),
46.7 (Ar-CH2-N), 69.8 (Ar-O-CH2), 70.2 (Ar-O-CH2-CH2),
114.8 (C5), 121.0 (C3), 127.9 (C4), 130.0 (3JPC ) 11.6 Hz,C1),
130.5 (C2), 151.5 (C6).

X-ray Crystal Structure Determinations. Colorless crystals of
16 and 22 were grown by dissolving the compounds in hot
n-heptane and allowing the solutions to cool slowly. Selected bond
lengths and angles are given in Table 1, and crystallographic details
are listed in Table 2. The crystallographic data were recorded on
an Enraf Nonius CAD4 diffractometer using Cu KR radiation (λ )
1.54184 Å) atT ) 296 K for 16 and a Stoe IPDS II diffractometer
using Mo KR radiation (λ ) 0.71073 Å) atT ) 100 K for 22.
Absorption corrections by integration19 (for 22) andψ scan20 (for
16) were applied. Structures were solved by direct methods

(19) X-AREA, version 1.18;X-RED, version 1.04; Stoe & Cie: Darmstadt,
Germany, 2002.

Table 1. Selected Bond Lenghts (Å) and Angles (deg) with the
Selected Torsion angles (deg) for16 and22

16 22

P3-N3 1.577(5) P1-N1 1.6008(16)
P3-N2 1.585(4) P1-N3 1.6287(16)
P3-N4 1.646(5) P1-N4 1.6491(16)
P3-O1 1.596(4) P1-N5 1.6324(16)
P1-N3 1.590(5) P2-N1 1.5633(16)
P1-N1 1.586(4) P2-N2 1.5804(16)
P1-N5 1.656(4) P2-Cl1 1.9982(7)
P1-O2 1.569(4) P2-Cl2 2.0097(7)
P2-N1 1.595(5) P3-N2 1.5831(17)
P2-N2 1.604(4) P3-N3 1.5525(15)
P2-N7 1.658(5) P3-Cl3 2.0040(7)
P2-N6 1.651(4) P3-Cl4 2.0173(7)

C1-N5-P1 117.4(4) C1-N5-P1 113.76(13)
C9-N5-P1 113.8(3) C19-N5-P1 123.72(13)
C1-N5-C9 111.5(4) C19-N5-C1 117.92(15)
C2-N4-C10 120.4(5) C3-N4-C4 112.10(16)
C2-N4-P3 122.6(5) C3-N4-P1 115.51(12)

N3-P3-N2-P2 22.2(4) N1-P1-N3-P3 -8.09(16)
N1-P2-N2-P3 8.9(4) N2-P3-N3-P1 3.44(18)
N2-P2-N1-P1 -15.2(4) N3-P3-N2-P2 5.47(17)
N3-P1-N1-P2 -9.6(4) N1-P2-N2-P3 -9.26(17)
N1-P1-N3-P3 40.2(3) N2-P2-N1-P1 4.28(17)
N2-P3-N3-P1 -47.0(3) N3-P1-N1-P2 4.19(16)

Table 2. Crystallographic Details

16 22

empirical formula C30H40N7O6P3 C19H22Cl4N5O2P3

fw 687.60 587.13
cryst syst monoclinic orthorhombic
space group Cc Pbca
a (Å) 18.4420(11) 8.5470(3)
b (Å) 13.3370(9) 21.8940(11)
c (Å) 13.5691(14) 26.3773(10)
R (deg) 90.00 90.00
â (deg) 99.243(6) 90.00
γ (deg) 90.00 90.00
V (Å3) 3294.1(5) 4935.9(4)
Z 4 8
µ (cm-1) 2.113 (Cu KR) 0.703 (Mo KR)
Fcalcd(g cm-1) 1.386 1.580
no. reflns total 3395 29107
no. reflns unique 3077 4830
Rint 0.029 0.083
2θmax (deg) 148.50 52.08
Tmin/Tmax 0.5251/0.6202 0.7663/0.9204
no. params 416 330
R1 [F2 >2σ(F2)] 0.0592 0.0281
wR2 0.1394 0.0653
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(SHELXS-97)21 and refined by full-matrix least squares againstF2

using all data (SHELXL-97).21 All non-H atoms were refined
anisotropically. The H atom positions (H1A, H1B, H2A, H2B, H3A,
H3B, H6, H7, H8, H9, H14, H15, H16, and H17 for22 and all H
atoms for16) were calculated geometrically at distances of 0.93
(CH) and 0.97 Å (CH2) from the parent C atoms; a riding model
was used during the refinement process, and theUiso(H) values were
constrained to be 1.2Ueq (carrier atom). The other H atoms were
located in difference syntheses and refined isotropically for22.

Results and Discussion

Synthesis. Spiro-ansa-spiro-phosphazene10 has been
prepared by means of the reaction of N3P3Cl6 with aminopo-
dand1.8b The fully substituted spiro-ansa-spiro-phosphazenes
14and16were obtained by the reaction of11with an excess
of pyrrolidine and DASD, respectively, in dry THF. Com-
pounds10and11are the first examples of the ansa structure
having an ethane-1,2-diamine precursor in contrast to the
expectation of spiro structure, and their structures have
previously been confirmed by X-ray crystallography.8b,8c

Interestingly, the P-N bonds of the seven membered ansa
rings of10 and11 have cis configurations. Two P atoms of
the ansa ring in10and11are stereogenic because they have

four different substituents. Therefore, they have R and S
configurations (meso form). On the other hand, the reaction
of the aminopodands (2-4) with N3P3Cl6 in dry THF
produces both spiro-ansa-spiro (11-13)8a and spiro-bino-
spiro (17, 18,8a and19) architectures (Scheme 1) in different
yields, depending on the chain lengths of aminopodands. The
obtained yields can be given as follows: [spiro-ansa-spiro
compound/spiro-bino-spiro compound]: 40 (11)/21% (17)
for R ) (CH2)2, 31 (12)/29% (18) for R ) (CH2)3, and 18
(13)/52% (19) for R ) (CH2)4. The reaction pathway is
depicted in Scheme 2. If the chains are small, spiro-ansa-
spiro derivatives are the major products, whereas, as the chain
lengths increase, the yields of spiro-ansa-spiro products
decrease. As shown in Scheme 2, this may be caused by the
free rotation of long chains around the tertiary N atom
bonded to the P atom. We have already described the
synthesis and structures of spiro-crypta phosphazenes (23
and 24) which are the new families of macrocyclic multi-
dentate ligands where the macrocycle and phosphazene rings
are linked together, forming a novel structure by the reaction
of N3P3Cl6 with dibenzo-diaza-crown ethers (7 and8).6 The
novel spiro-crypta phosphazenes (21, 22,and25) have been
obtained from the reactions of N3P3Cl6 with the N2Ox (x )
2, 3) donor-type dibenzo-diaza crown ethers (5, 6, and9),
respectively. Since only the spiro arrangement is favored,
in contrast to the various expectations (Scheme 2), the

(20) North, A. C. T.; Phillips, D. C.; Mathews, F. S.Acta Crystallogr.
1968, A24, 351-359.

(21) Sheldrick, G. M.SHELXS-97; SHELXL-97; University of Göttingen:
Göttingen, Germany, 1997.

Scheme 2. Reaction Pathways of N3P3Cl6 with (a) Podands and (b) Dibenzo-diaza-crown Ethers in THF
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reactions of N3P3Cl6 with the dibenzo-diaza crown ethers in
THF are regioselective.

In 24, the nitrogen atoms of the ArCH2N groups are
stereogenic, and the configurations of N atoms are only RS
on the basis of X-ray results6a (Scheme 3, possibility i).
Compounds21 and25 are also expected to show the same
characteristics as24. Although several reports have recently
appeared concerning the stereoisomerism of phosphorus
atoms in phosphazene rings,2e,3b,9a,12only a few reports about
the stereoisomerism of the N atoms in phosphazene chemistry
have been published by our group.6a,8b,8cWith an excess of
pyrrolidine in THF, compounds23 and 24 produce com-
pounds26 and 27. The excess pyrrolidine was used as
hydrochloride acceptor. In this reaction, the formation of the
fully pyrrolidinyl-substituted phosphazenes [N3P3(macrocycle)-
(C4H7N)4] was expected, but the major products isolated were
the partially pyrrolidinyl-substituted geminal phosphazene
derivatives [N3P3(macrocycle)(C4H7N)2Cl2], 26and27. The
chloride replacement reactions of phosphazene derivatives
with pyrrolidine lead to the non-geminal reaction pathways.22

The reactions of phosphazene derivatives containing difunc-
tional aromatic bulky diamines23 and11, 12, and188a with
excess pyrrolidine gave only fully pyrrolidinyl-substituted
products. The observation of the geminal substitution path-
way (instead of the non-geminal) of23 and24 with excess
pyrrolidine is unexpected and in contrast to the observations
in the literature.22 Each>PCl2 group sees different parts of
the macrocycle, and the macrocycle hinders the attact of the

pyrrolidine nucleophile to one of the>PCl2 groups. The
geminal structure of27 has been confirmed by X-ray
structural analysis.24 Elemental analyses, FTIR, CI- and ESI-
MS, and NMR data are consistent with the proposed
structures. The MS spectra of10, 16, 19, 21, 22, and25-
27 show protonated molecular ion [M + H]+ peaks. In the
spectrum of14, the molecular ion peak does not appear, but
important fragments appear atm/z 530 and 516.

IR and NMR Spectroscopy. The FTIR spectra of
phosphazene derivatives (11, 14, 16, 19, 21, 22, and25-
27) exhibit two medium intensity absorption bands at 3069-
3059 and 3041-3025 cm-1 attributed to the asymmetric and
symmetric stretching vibrations of the aromatic C-H groups.
All phosphazenes display an intense band between 1238-
1163 cm-1 corresponding to theνPdN of the phosphazene
ring. Two kinds ofνPdN absorption bands are seen for crypta
phosphazenes (21, 22, and25) at 1238-1229 and 1182-
1163 cm-1. The former values are larger than those of the
spiro-ansa-spiro- and spiro-bino-spiro-phosphazenes (10and
19, respectively). The characteristicνN-H stretching bands
of the aminopodands and dibenzo-diaza-crown ethers disap-
pear in the IR spectra of all the phosphazene derivatives.
The absorption bands assignable to the stretching of PCl2

bonds for the partially substituted phosphazenes (10, 19, 21,
22, and 25-27) were observed in the frequency range of
597-568 cm-1.

The 1H-decoupled31P NMR spectral data of all of the
phosphazene derivatives are listed in Table 3. According to
the1H and13C NMR spectral data of the compounds, all the
molecules appear to have symmetric structures in the
solution.

The expected spin systems of21, 22, and25 are likely to
be AB2 or AX2, but the31P NMR spectra of21, 25, and22
are interpreted as simple AMX and ABX spin systems,
respectively. In21, 22, and25, the>PCl2 groups see different
parts of the macrocycle. Therefore, they have different
environments and show anisochrony (Figure 1) as observed
for compounds23 and 24.6a Compound 10 is another
example that shows anisochrony in which the NPO phos-
phorus atoms possess different environments (Figure 1). But
the analogous compound,11, having the same ethane-1,2-
diamine precursor does not show anisochrony. The aniso-
chronism of compound10may depend on the five-membered
spiro-ring conformations. According to the X-ray crystal-
lographic data of10,8b five-membered spiro rings are nearly
planar, but in11,8c the six-membered spiro rings are not
planar. In the literature,25 it is claimed that anisochronism
may depend on amine substituents containing stereogenic C
atom bonded to phosphorus atom in the N3P3 ring. Aniso-
chronism in phosphazene derivatives containing N atoms in
exocyclic rings has been investigated by our group.6a

According to our findings, compound236 showing aniso-
chronism does not have stereogenic N atoms, but compound
118c having stereogenic N atom does not show anisoch-

(22) (a) Alkubaisi, A. H.; Hursthouse, M. B.; Shaw, L. S.; Shaw, R. A.
Acta Crystallogr.1988, B44, 16-22. (b) Lensink, C. L.; Ruiter B.;
Grampel, J. C.J. Chem. Soc., Dalton Trans.1984, 1521-1526.

(23) Bilge, S.; Özgüç, B.; Safran, S.; Demiriz, S¸ .; Işler, H.; Havyalı, M.;
Kılıç, Z.; Hökelek, T.J. Mol. Struct.2005, 748, 101-109.

(24) Çaylak, N.; Hökelek, T.; Bilge, S.; Demiriz, S¸ .; Kılıç, Z. Anal. Sci.
Submitted.

(25) Vicente, V.; Fruchier, A.; Cristau, H. J.Magn. Reson. Chem.2003,
41, 183-192.

Scheme 3. Possible Absolute Configurations of Geminal (gem) and
Non-geminal (non-gem) Structures for Spiro-Crypta and Spiro-Ansa-
Spiro-phosphazenes
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ronism. Therefore, it is concluded that there is no connection
between stereogenism and anisochronism. The reaction of
dibenzo-diaza-crown ethers and aminopodands with N3P3Cl6
give geminal-disubstituted spiro-crypta and non-geminal-
disubstituted spiro-ansa-spiro-phosphazenes with three pos-
sibilities according to nitrogen atoms (Scheme 3). It is clear
that one can easily verify the absolute configurations of N
atoms in spiro-crypta and spiro-ansa-spiro-phosphazenes
from the spin systems of31P NMR spectra. The experimental
AMX and ABX types of spectra of21, 25, and 22 are,
respectively, in accordance with R/S(S/R)- and R(S) con-
figurations of possibilities i and iii. On the other hand,
according to X-ray data, there is only one stereogenic N atom
in spiro-ansa-spiro derivatives10 (ABX), 11 (A2X spin
system),8a and16. Moreover, the coupling constants between
the two >PCl2 groups of anisochronic derivatives can be
estimated from the non-first-order spectrum. Taking into
account the2JPP values in the anisochronic spiro-crypta
phosphazenes, we conclude that if the2JPPvalues are nearly
the same, either two nitrogen atoms in the macroring have
pyramidal geometry (stereogenic), two of the2JPPvalues are
nearly the same, one nitrogen atom has pyramidal geometry,
or all three of the2JPPvalues are different, no nitrogen atom
has pyramidal geometry. In addition, it is interesting that
the 2JPP value between the PN2 and P(pyrr)2 atoms in26 is
very close to zero; therefore, the signals of P(pyrr)2 and PN2

aredoubletinstead ofquartet. Compound14shows a typical

five-line resonance pattern consisting of adoubletfor two
PON atoms in the spiro-ansa-spiro ring and atriplet for one
P(pyrr)2 atom. The signal of dipyrrolidinyl-substituted P atom
of 14 is upfield-shifted by 5.25 ppm with respect to the
corresponding PCl2 atom of 11. The δP shifts of 16
accidentally overlap centering atδ ≈ 23.50 ppm. The31P
NMR spectra of19 consists of atriplet and adoubletwhich
are assigned to the two spiro atoms (PON) and the four PCl2

atoms, and the signals of19 are upfield-shifted, compared
to those of14. Consequently, according to the signal patterns
in the 31P NMR spectra of the phosphazene derivatives, it
can easily be determined whether the phosphazenes prepared
by the reaction of aminopodand (2-4) with N3P3Cl6 have
the spiro-ansa-spiro (11-13)8a or spiro-bino-spiro (17, 18,8a

and19) architectures.
The bond angles (R, R′, â, γ, γ′, andδ) of the phosphazene

derivatives are given in Table 4. The variations in the bond

Table 3. 31P NMR Data (CDCl3) of 10-27 (δ in ppm,J in Hz)

spin
system δPON δP(pyrr)2 δPN2 δPCl2 2JPP

10 ABC PB 36.50 PA 34.72 2JBC ∼0
PC 36.53 2JAC 65.9

2JAB 87.3
118a A2X PA 19.59 PX 29.35 2JAX 70.1
128a A2X PA 15.95 PX 32.28 2JAX 69.4
138a A2X PA 15.83 PX 32.28 2JAX 69.4
14 A2B PA 20.15 PB 24.10 2JAB 53.5
158a A2B PA 20.68 PB 23.42 2JAB 55.7
16a ∼23.50
178a AX2 PA 6.56 PX 25.10 2JAX 56.1
188a AX2 PA 6.78 PX 25.09 2JAX 55.7
19 AX2 PA 5.75 PX 23.89 2JAX 56.2
208a AB2A′B′2 PA 18.89 PB 20.38 2JAB 46.6

PA′ 18.92 PB′ 20.39 2JA′B′ 47.0
21 AMX PA 14.56 PM 21.03 2JAM 47.0

PX 24.33 2JAX 47.3
2JMX 75.8

22 ABX PA 14.20 PB 17.51 2JAB 21.5
PX 22.72 2JAX 57.6

2JBX 58.0
236a AMX PA 15.50 PM 23.58 2JAM 31.4

PX 25.46 2JAX 54.0
2JMX 78.8

246a ABX PA 17.15 PB 19.58 2JAB 65.2
PX 23.50 2JAX 65.5

2JBX 65.4
25 AMX PA 14.46 PM 19.35 2JAM 48.0

PX 21.56 2JAX 42.3
2JMX 71.6

26 ABX PA 12.88 PB 14.08 PX 23.32 2JAB ∼0
2JAX 43.4
2JBX 59.3

27 AMX - PA 14.75 PM 19.95 PX 22.87 2JAM 55.7
2JAX 38.3
2JMX 16.0

a Chemical shifts overlap.

Figure 1. Anisochronism of spiro-ansa-spiro- (10) and spiro-crypta (21,
22, and25) phosphazenes.
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angles depending on the steric and electronic factors (e.g.,
the conformation, electron-releasing and -withdrawing ca-
pacities of small or bulky substituents, and the steric
hinderences of exocyclic groups) have been investigated
previously.3d,23 It was found that relatively small changes in
exocyclic bond angles caused large changes in31P NMR
chemical shifts.26 Figure 2a and b was drawn for the

exocyclic NPN (R′) bond angles versus the31P NMR
chemical shifts of the spirocyclic phosphaza (PNP) lariat
ethers (III -IX ) reported by our group7,23,27 and the spiro-
crypta phosphazenes (22-24 and27) and analogous com-
pounds28,29(Table 4). It was interesting to observe that curves

(26) Shaw, R. A.Phosphorus Sulfur Relat. Elem.1986, 28, 99-128.

(27) Çaylak, N.; Hökelek, T.; Bilge, S.; Demiriz, S¸ .; Özgüç, B.; Kılıç, Z.
Anal. Sci.2005, 21, 63-64.

(28) Ilter, E. E.; Çaylak, N.; Işıklan, M.; Asmafiliz, N.; Kılıç, Z.; Hökelek,
T. J. Mol. Struct.2004, 697, 119-129.

Table 4. Selected Bond Angles (deg) andδP shifts (ppm) for Figures 2 and 3

a Indicate the first (a), second (b), third (c), and fourth (d) values.b 31P NMR signals overlap.
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a and b show contrasting trends in Figure 2. In Figure 2b, it
was observed that the points of the five- and six-membered
rings of the spiro-crypta phosphazenes were accumulated on
the left- and right-hand sides of the curve, respectively.
Figure 2c was also drawn for OPN (R′) bond angles versus
the δP shifts of spiro-ansa-spiro- (10 and 11), spiro-bino-
spiro- (18), and spiro-phosphazene derivatives (I and II )
(Table 4) taken from the literature.28,30,31The trend observed
for the R′ angles (Figures 2a and 2c) is in good correlation
with that of Shaw.26 Moreover, a linear trend has been
observed betweenδPspiro shifts and the endocyclic NPN bond
angles for a series of analogous spiro-phosphazene deriva-
tives by Labarre.32 We have also investigated the relationship
between theδP shifts and the endocyclic NPN (R) angles.
We compared three groups of compounds in Figure 3: (a)
spirocyclic phosphaza lariat ethers7a,7c,23(Table 4), (b) Labarre
compounds taken from the literature,32 and (c) spiro-crypta
phosphazenes (23, 24, and 27 and four analogous com-
pounds;28,29Table 4). Linearity between theδPspiro shift and
the endocyclicR angle is observed for spirocyclic phosphaza
lariat ethers. As can be seen from Figure 3, H3PO4 (the
standard compound which posseses a pseudo-tetrahedral
structure) fits the relationships, supporting the validity of the
equations given as follows:R ) 0.9862δP + 111.00 (R )
0.93) for Figure 3a andR ) 0.2732δP + 109.67 (R ) 0.97)
for Figure 3b. However, for spiro-crypta phosphazenes, it
seems to be a “cluster” of points rather than a trend of the
linearity. TheδPspiro shift andR value for the spirocyclic
phosphaza lariat ether (VII )23,27(Table 4) have not been taken
into account in Figure 3a because the point ofVII signifi-
cantly deviates from the linear trend (experimental and

calculated values are 117.60(14) and 128.33°, respectively).
The deviation may be caused by the packing in its unit cell,
exhibiting strong intra- and intermolecular contacts. Indeed,
the trends which exist between the31P NMR and X-ray data
allow prediction of theR angles. However, solvent interac-
tions alter theδP shifts, while the intra- and intermolecular
contacts in the unit cell affect theR angles. Consequently,
the results become more reliable when the NMR measura-
ments and X-ray data are taken into account.

The1H NMR spectra of14 and16 indicate that all of the
chlorine atoms in11 have been substituted by pyrrolidine
and DASD, respectively. On the other hand, in the fully
substituted derivatives14 and16, the NCH2CH2 and NCH2

proton signals of the pyrrolidine and DASD rings are easily
distinguished from those of the ansa rings by the HETCOR
spectra of these compounds, respectively. The ArCH2N
benzylic protons of14and16are separated from each other
at 3.84 and∼4.47 ppm, asquartets, in which they have three
bond-coupling constants,3JPH ≈ 15.0 Hz. The protons of
the benzylic moieties give rise toquartet or multiplet for
spiro-ansa-spiro derivatives (14 and16) and todoubletfor
the spiro-bino-spiro (19) derivatives, probably, because of
the higher flexibility of the spiro-bino-spiro-phosphazene.
Generally, the geminal-CH2- protons are not equivalent
to each other for spiro-crypta phosphazenes (21, 22, and25-
27); therefore, the spectra of the compounds show complex
signals upon the preference of diastereotopic groups. Inter-
estingly, the peaks of ArCH2N protons of the spiro-crypta
phosphazenes are highly separated from each other, as in
the spiro-ansa-spiro-phosphazenes (14and16). These protons
are observed at 3.28-3.95 and 4.57-4.78 ppm as two groups
of quartetsbecause of the geminal proton couplings (2JHH)
and the three bond-couplings (3JPH). In addition, the C atoms
and the geminal protons of ArOCH2CH2 and ArOCH2 are
also distinguishable from the HETCOR spectra. The HET-
COR spectrum of25 is depicted in Figure 4 as an example.
One can notice that the order of the13C shifts for the ArOCH2

and ArOCH2CH2 groups are different from those of1H shifts.

(29) (a) Tercan, B.; Ho¨kelek, T.; Büyükgüngör, O.; Asmafiliz, N.; Ilter, E.
E.; Kılıç, Z. Acta Crystallogr.2005, E61, 2145-2147. (b) Asmafiliz,
N.; Ilter, E. E.; Işıklan, M.; Kılıç, Z.; Tercan, B.; C¸ aylak, N.; Hökelek,
T.; Büyükgüngör, O. J. Mol. Struct.Submitted. (c) Asmafiliz, N. G.
Master Dissertation, Ankara University, Ankara, Turkey, 2005.

(30) Dal, H.; Safran, S.; Su¨zen, Y.; Hökelek, T.; Kılıç, Z. J. Mol. Struct.
2005, 753, 84-91.

(31) Tercan, B.; Ho¨kelek, T.; Işıklan, M.; Ilter, E. E.; Kılıç, Z. Acta
Crystallogr.2004, E60, 971-973.

(32) Labarre, M. C.; Labarre, J. F.J. Mol. Struct.1993, 300, 593-606.

Figure 2. Plot of δP shifts against the exocyclic bond angles (R′) of (a)
spirocyclic phosphaza (PNP) lariat ethers (9), (b) spiro-crypta phosphazenes
(1), and (c) spiro-ansa-spiro-, spiro-bino-spiro-, and spiro-phosphazenes
(b).

Figure 3. Plot of theδP shifts against the endocyclic bond angles (R) of
(a) spirocyclic phosphaza (PNP) lariat ethers (9), (b) Labarre compounds
taken from the literature32(b), and (c) spiro-crypta phosphazenes (1) (H3-
PO4, 109.47°, δP ) 0.00 ppm).
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The NCH2 signals of the ansa rings of14 and16, which
were confirmed by HETCOR experiments, are distinguished
from NCH2 carbon signals of pyrrolidine and DASD precur-
sors, respectively. Two different NCH2CH2 and NCH2 signals
of the pyrrolidine and DASD precursors are observed for
14and16. In the spiro-ansa-spiro- (14) and spiro-bino-spiro-
phosphazenes (19), the couplings expected between the
aromatic carbon and phosphorus atoms were observed for
the C1, C5, and C6 carbons (Scheme 1) (not observed for
16). These couplings (3JPC1, 3JPC5, and 2JPC6) have been
observed astriplets for (14) and doublets for (19), as
observed in the analogous compounds (11-13 and15 and
17, 18, and20).8a The triplets have also been observed for
the aliphatic N-CH2 carbons of10 because of the second-
order effects,8a,23which estimate theJPC coupling constants
between the external transitions of thetriplets.25 The 2JPC

value of NCH2 for the spiro-crypta phosphazenes, which have
five-membered spiro rings, are found to be very large. In
addition, the coupling constants (2JPC) of the spiro-crypta
phosphazenes are in the following order: five-membered

spiro rings (21, 23,6a and26) > seven-membered spiro ring
(25) > six-membered spiro rings (246a and27).

X-ray Structures of 16 and 22. The X-ray structural
determinations of compounds16 and22 confirm the assign-
ments of their structures from spectroscopic data. The
molecular structures of16 and 22 along with the atom-
numbering schemes are depicted in Figures 5 and 6,
respectively. The phosphazene rings of16 and 22 are not
planar and are in twisted boat forms [Figure 7aæ2 ) -70.0-
(4)° andθ2 ) 68.9(4)°; Figure 8aæ2 ) 155.5(8)° andθ2 )
87.7(8)°] having total puckering amplitudes,33 QT, of 0.439(3)
and 0.107(1) Å, respectively.

In 16, the six-membered rings (P3/N4/C10/C11/C16/O1)
and (P1/N5/C9/C8/C3/O2) are in twisted forms with total
puckering amplitudes,QT, of 0.459(4) and 0.515(4) Å,
respectively. In addition, the six-membered rings, N7/C22/
C23/C24/C25/C26 and N6/C17/C18/C19/C20/C21, of the
DASD moieties in16 have chair conformations with total

(33) Cremer, D.; Pople, J. A.J. Am. Chem. Soc.1975, 97 (6), 1354-1358.

Figure 4. HETCOR NMR spectrum (400 MHz) of25. The dashed line (- - -) indicates ArCH2N and the solid line(s) indicates the ArOCH2CH2 and
ArOCH2 groups.
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puckering amplitudes,QT, of 0.550(6) and 0.581(7) Å,
respectively. The bicyclic system made up of phosphazene
and the ansa (P1/N3/P3/N4/C2/C1/N5) precursor is in the
sofa conformation, which resembles the stable “adamantane”
structure, where each ring is in a V shape (Figure 7a). The
dihedral angle between the best least-squares planes of P1/
N1/P2/N2/P3 and P1/P3/N4/N5 is 62.9(1)°, and it can be
compared with the reported values of 62.2(2) and 62.3(2)°
in the bicyclic phosphazene [N4P4(NC4H8)5(NHnPr)(NnPr)]34

and 68.0(2)° in the spiro-ansa-spiro-phosphazene skeleton
(11).8c In the bicyclic systems, the maximum separations
between the P and C atoms are [P2‚‚‚C1 ) 4.141(3) Å and
P2‚‚‚C2 ) 4.451(3) Å]. All the P‚‚‚P distances are in the
range of 2.643(2)-2.779(2) Å.

In 22, the six-membered ring (P1/N5/C1/C2/C3/N4) is in
chair conformation [Figure 8bQT ) 0.657(2) Å,æ2 ) 26.2-
(2)°, andθ2 ) 94.0(2)°], and phosphazene ring has a pseudo-
2-fold axis running through atoms N1 and P3, as can be
deduced from torsion angles (Table 1). As expected, the
macrocyclic ring is not planar with the puckering amplitude,
QT, of 2.682(2) Å.

The average P-N bond lengths in phosphazene rings of
16 and 22 are 1.590(4) and 1.585(2) Å, which are shorter
than the average exocyclic P-N bonds of 1.636(5) and
1.641(2) for 16 and 22. The electron back-donation also
causes the shortening of the exocyclic P-N bonds according
to the average P-N single bond of 1.683(5) Å.35

As can be seen from Table 4, in22, the R angle is
narrowed, while theR′ andâ angles are expanded, consider-
ably, according to the “standard” compound N3P3Cl6. In N3P3-
Cl6, the R, R′, and â angles are 118.3(2), 101.2(1), and
121.4(3)°, respectively.36 On the other hand, in10,8b 11,8c

and 16, the δ angles [114.5(2), 114.1(3), and 113.2(3)°,
respectively, Table 4] have unexpectedly small values with
respect to the corresponding ones in the spiro-crypta phos-
phazenes and N3P3Cl6, probably because of the conformations
of the bicyclic rings in the spiro-ansa-spiro-phosphazenes
(Figure 7a).

The sums of the bond angles around atoms N4 and N5
[359.5(5) and 342.7(4)° for 16 and 344.8(1)° and 355.4(14)

(34) Öztürk, L.; Işıklan, M.; Kılıç, Z.; Hökelek, T.Acta Crystallogr.2002,
C58, 80-83.

(35) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A.
G.; Taylor, R.J. Chem. Soc., Perkin Trans. 21987, 1-19.

(36) Bullen, G. J.J. Chem. Soc. A1971, 1450-1453.

Figure 5. An ORTEP-342 drawing of16with the atom-numbering scheme.
Displacement ellipsoids are drawn at the 50% probability level.

Figure 6. An ORTEP-342 drawing of22with the atom-numbering scheme.
Displacement ellipsoids are drawn at the 50% probability level.

Figure 7. (a) Conformation of the bicyclic system and (b) the configura-
tions of the spirocyclic N atoms in16. The substituents have been omitted
for clarity.

Figure 8. Conformations of (a) the phosphazene and (b) the six-membered
spiro ring in22.
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for 22] show a change in the hybridization of N5 atom for
16 and N4 atom for 22 from trigonal planar toward
pyramidal. Thus, the N5 atom for16 and the N4 atom for
22 may represent stereogenic centers (Scheme 3, possibility
iii). The N atom with pyramidal geometry might be expected
to give rise to optical activity (chirality) if the N atom was
connected to three different groups, since the unshared pairs
of electrons are analogous to the forth group. This kind of
chirality is merely a result of the acyclic tervalent chiral N
atom. For the cyclic molecules in which the N atom is at a
bridgehead, pyramidal inversion is prevented.37 Tröger’s base
is one of the oldest examples of this kind of optically active
compound.38 Moreover, atoms P1 and P3 for16 each have
different attachments and thus are also expected to be
stereogenic centers in the solid state. They have R and S
configurations (meso forms). The Flack absolute structure
parameter39 of 16 was refined; the expected values are 0 for
the correct and+1 for the inverted absolute structure. The
refined value is 0.08(6). So, the absolute structure is
determined reliably. If we have the correct absolute structure,
then we can correctly assign the chiral center. The absolute
configuration of the chiral nitrogen center (N5) in compound
16can be designated as S, indicating that the Cahn-Ingold-
Prelog(CIP)40 priority order of groups is PN3 > CH2Ph >
CH2CH2.

The inner-hole size of the macrocycle in the radii of22
was estimated to be twice the mean distance of the donor
atoms from their centroids and is approximately 1.27 Å, using
the “modified covalent radii” of the Nsp

3 (0.72 Å) and Osp
3

(0.76Å) atoms as in the literature method.41

Conclusions

Two different novel spiro-bino-spiro- (19) and spiro-crypta
(21, 22, and25) phosphazene derivatives have been synthe-

sized via the condensation reactions of N3P3Cl6 with ami-
nopodand (4) and dibenzo-diaza-crown ethers (5, 6, and9).
The substitution reactions of partially substituted phos-
phazene derivatives (11, 23, and24) with pyrrolidine and
DASD have also been investigated. The correlations of the
δP shifts with the exocyclicR′ angles of spiro-crypta, spiro-
ansa-spiro-, spiro-bino-spiro-phosphazenes and the endocy-
clic R angles of the spiro-crypta phosphazenes and spirocy-
clic phosphaza lariat ethers (Table 4) have been discussed.
The variations of theδP shifts depend essentially on the
variations of the angles around the phosphorus atoms and
presumably on the change of theR andR′ angles. The trends
between the31P NMR and the X-ray data allow the prediction
of R angles by theδP shifts. Interestingly, the31P NMR
spectra of21, 22, and25 show that the>PCl2 groups of the
compounds have anisochrony. The results obtained from the
31P NMR and X-ray data indicate that there are no direct
relationships between stereogenism and anisochronism.
Further studies in this direction are currently underway.
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