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The reactions of hexachlorocyclotriphosphazatriene, N3P3Clg, with N/O donor-type N-alkyl-o-hydroxybenzyl- and
o-hydroxynaphthylamines result in novel mono- (3a, 4a and 4b), di- (5a and 5b), and tri- (3b, 6a, and 6b) spirocyclic
phosphazene derivatives. The tetrakis-pyrrolidinophosphazene, 3b, has been obtained from the reaction of partly
substituted compound 3a with the excess pyrrolidine in tetrahydrofuran. The relationship between the endocyclic
NPN (o) and exocyclic NPO (a') bond angles of the analogous spirocyclic phosphazenes with the 6P shifts of
NPO phosphorus atoms have been presented. It was observed that there is a linearity between o angles and 6P
shifts, while no linear relationship has been observed for o angles. In addition, we have found the correlation
between A(P—N) and Onpo shifts, which implies a linear relationship. A(P-N) = (a — b), where a and b are the
average lengths of two adjacent P—N bonds. The structural investigations of all of the compounds have been
made by elemental analyses; mass spectrometry; Fourier transform infrared spectroscopy; one-dimensional *H,
13C, and 'P NMR; distortionless enhancement by polarization transfer; and two-dimensional correlation spectroscopy,
heteronuclear shift correlation, and heteronuclear multiple-bond correlation homo- and heteronuclear correlation
techniques. The solid-state structures of 3a, 4a, 4b, and 5a have been determined by X-ray crystallographic
techniques. The asymmetric units of compounds 3a and 4a contain two independent molecules, and 3a has strong
intermolecular N—H-+-N hydrogen bonds linking three phosphazene rings. The molecular structure of 6a looks like
a propeller where the chemical environment of P1 is different from that of P2 and P3. On the other hand, compounds
5a and 5b are expected to exist as cis- or trans-geometric isomers and to be in cis (meso) or trans (racemic)
configurations. The crystallographic and preliminary chiral solvating agents results show that both of them are
trans (racemic). In addition, 6a and 6b are also expected to exist as cis—trans—trans- and cis—cis—cis-geometric
isomers; both of them are found to be in cis—trans—trans geometries. According to the two-dimensional spectroscopic
data, the possible conformations of 3a and 4a in CDCl; are the same with the solid-state structures.

Introduction in their cyclic skeletons are an important family of inorganic
Cyclophosphazene derivatives and poly(organo)phosp-fing systems:? The use of cyclophosphazene derivatives as
hazenes containing alternate phosphorus and nitrogen atom#gands is an area of interest for transition metal catiA3?
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mono- and multinuclear structuré$They have also drawn  polymerst! It has been observed that, when the reactions
considerable attention for the further design of highly are carried out with aminoalcohols and®Cls, the major
selective anticancer and antibacterial reagents, such as th@roduct is a spiro derivative in tetrahydrofuran (THF).
aziridine-crown substituted phosphazene obtained by BrandtHowever, the first ansa product was separated by Harris and
et al® It cleaves the DNA and halts the growth of cancer Williams in 1984 under different reaction conditiolsin
cells. In addition, cyclophosphazenes have found industrial recent years, our group has been investigating the chemistry
applications in the production of lubricarftsnflammable of bulky bifunctional reagents such as podatdtiaza-crown
textile polyphosphazene fibers, advanced elastomers withethers}* and N-arylaminophenofawith N3P;Cls. The reac-
different organic and inorganic side group@nd rechargeable  tions of diaminopodands withdR:Cls produce spiro, dispiro,
lithium batterie§ and multidimensional use as biomedical spiro-ansa, and bino architectuféd’ while N-arylami-
materials including synthetic bonés. nophenols lead to the formation of spiro architectdpes.
The reactions of hexachlorocyclotriphosphazatrien®s;N Additionally, the interesting reactions of bifunctional reagents
Cls, with bifunctional reagents have been investigated, and With fluoro- and chlorophosphazenes give spiro, ansa, spiro-
the first examples of spiro, ansa, and sgﬂ'ﬂsa Cyclophos_ ansa and bis ansa skeletons in different solv&#&8The
phazenic derivatives have been obtaiffed@here are four ~ ansa derivatives of fluorophosphazenes are readily trans-
possible routes known for the reactions o§PCls with formed to the spirocycles in the presence of fluorinated or
bifunctional reagents: (i) the replacement of two geminal nonfluorinated bases, while the analogous tetrachloro ansa
Cl atoms to give a spiro architecture, (ii) the replacement of compounds are not.
two nongeminal Cl atoms to afford an ansa architecture, (i)  In 2003, the stereogenic properties of cyclophosphazenes
intermolecular reactions between Cl atoms of phosphazenewere discovered as a new subject of intefégbenerally,
rings to yield a bino architecture, or (iv) intermolecular three kinds of stereogenism have been observed in trimeric
condensation reactions to give cyclolinear or cyclomatrix Phosphazene derivatives, given as follows: (i) phosphorus
atoms having four different chemical environments give rise
to stereogenisr?f, (i) substituent groups, such as binaphthyls
and biphenyls bonded to phosphorus atoms, produce stereo-
genic propertie$ta2tand (iii) exocyclic nitrogen atoms in
crypta-phosphazenes having pyramidal configurations may
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Table 1. The Selected Bond Lengths (A) and Angles (deg)Jar 4a, 4b, and5a

3a 3d 4da 44 4b 5a
P1-N1 1.624(4) 1.599(4) 1.589(7) 1.596(7) 1.603(3) 1.566(3)
P1-N3 1.594(4) 1.584(4) 1.598(7) 1.587(7) 1.589(3) 1.598(3)
P1-N4 1.601(4) 1.601(4) 1.630(8) 1.609(7) 1.608(3) 1.645(3)
P1-01 1.588(3) 1.580(3) 1.575(6) 1.567(6) 1.570(3) 1.584(3)
P2-N1 1.535(4) 1.559(4) 1.555(7) 1.556(7) 1.549(3) 1.582(3)
P2-N2 1.589(4) 1.575(4) 1.557(7) 1.570(6) 1.581(3) 1.583(3)
P2-N5 1.635(3)
pP2-02 1.582(3)
P3-N3 1.553(4) 1.558(4) 1.5513(94) 1.5566(76) 1.603(3) 1.550(3)
P3-N2 1.553(5) 1.592(5) 1.5686(87) 1.5802(76) 1.589(3) 1.558(3)
P1-N1-P2 122.8(2) 122.5(3) 123.5(4) 123.9(4) 123.69(17) 125.17(18)
P1-N3-P3 122.6(2) 122.2(3) 124.3(4) 124.3(4) 124.08(18) 120.86(18)
N1—-P2-N2 118.8(2) 119.1(2) 120.0(4) 119.7(4) 119.64(15) 114.99(15)
N3—P3-N2 119.8(2) 119.6(2) 118.9(4) 119.5(3) 119.34(15) 120.30(16)
P2-N2-P3 120.7(3) 119.5(3) 119.6(5) 118.8(4) 119.27(17) 121.32(19)
Table 2. Crystallographic Details
compound 3a 4a 4b 5a
empirical formula QlH9C|4N4OP3 CloH 13C|4N4OP3 C9H11C|4N4OP3 C20H25C|2N502P3
fw 447.93 439.95 425.93 532.27
crystal system triclinic triclinic monoclinic monoclinic
space group P1 P1 P2i/c P2i/a
a(A) 8.2643 (9) 9.5684(11) 8.947(5) 9.311(5)
b (A) 12.545(2) 11.5791(19) 11.090(5) 22.628(5)
c(A) 18.595(3) 17.129(2) 17.058(5) 12.208(5)
o (deg) 107.546(13) 93.663(13) 90 90
B (deg) 98.551(12) 92.424(10) 97.040(5) 99.111(5)
y (deg) 97.400(11) 107.067(13) 90 90
V (A3) 1786.6(5) 1806.8(4) 1679.8(13) 2539.6(18)
z 4 4 4 4
u(cm™) 86.4 (Cuky) 85.24 (Cuk) 9.91 (MoKy) 4.72 (MoK,)
o (calcd) (g cm?) 1.665 1.617 1.684 1.392
number of reflections total 7005 7226 47215 70088
number of reflections unique 7332 7119 5132 7766
Rint 0.0229 0.0525 0.0580 0.0707
20max (deg) 148.50 148.42 61.12 61.16
Trmin/ Tmax 0.109/0.264 0.158/0.278 0.7229/0.8655
number of parameters 423 398 215 291
R[F?> 20(F?)] 0.0685 0.0808 0.0595 0.0773
wR 0.1848 0.2670 0.1763 0.2330

also have stereogenisth.The structures of some of the

Experimental Section

stereogenic phosphazene derivatives have been determined
by 3P NMR spectroscopy upon the addition of chiral
solvating agents [CSAF-(+)-2,2,2-trifluoro-1-(9-anthryl)-
ethanol] and X-ray crystallographic analység® 2!

General Methods.The reagents were of commercial grade and
used without further purification. Hexachlorocyclotriphosphazat-
riene was purchased from Aldrich. THF was dried over 3 A
molecular sieves. The other solvents were purified and dried

We report here (i) the synthesis of novel mon8a,(4a, according to standard metho#sMelting points were measured
and 4b), di- (5a and 5b), and tri- @b, 6a and 6b) on a Gallenkamp apparatus using a capillary tube. All experiments
spirocyclicphosphazene derivatives: (i) the preparation of Were caried out under an argon atmosphie:*C, and*'P NMR;

tetrakis-pyrrolidinophosphazend by the addition of an ~ HETCOR; and HMBC spectra were recorded on a Bruker DPX
- L FT-NMR (500 MHz) spectrometer (SiM&as an internal standard
excess of pyrrolidine ta3a; (iii) the structures of the

. and 85% HPO, as an external standard). The spectrometer was
compounds determined by elemental analyses, mass SpeCe'quipped with a 5 mmPABBO BB inverse gradient probe. Standard

trometry (MS); Fourier transform infrared spectroscopy gruker pulse program&were used throughout the entire experi-
(FTIR); CSA (for 5a only); one-dimensionatH, **C, and ment. IR spectra were recorded on a Mattson 1000 FTIR spec-
3P NMR; distortionless enhancement by polarization transfer trometer in KBr discs and were reported in chunits. Microanal-
(DEPT); and two-dimensional correlation spectroscopy yses were carried out by the microanalytical service of TUBITAK-
(COSY), heteronuclear shift correlation (HETCOR), and Turkey. Electrospray ionization (ESI) mass spectrometric analyses
heteronuclear multiple-bond correlation (HMBC) homo- and Were performed on the AGILEND 1100 MSD spectrometer.
heteronuclear correlation techniques; (iv) the solid-state Preparation of Compounds.N-propyl-o-hydroxybenzylamine
structures of mono-3g, 4a, and4b) and di- 6a) spirocyclic
architectures established by X-ray diffraction techniques; (v) (22) Perrin, D. D.; Armarego, W. L.; Perrin, D. RPurification of
the relationships betweem and o’ angles versusP-shift Laboratory Chemicals2nd ed.; Pergamon: Oxford, 1980.

. (23) 1D WIN-NMR release 6.0;2D WIN-NMR release 6.1; Bruker:
values, as well aa(P—N) values versu®npo shifts. Madison, WI.
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Scheme 1. The Reaction Pathway of4R;Cls with N-alkyl-o-hydroxybenzylaminesl(and2) and o-hydroxynaphthylamine3)

Cl Cl
NS K
P R /\
‘\Jé \]\' | T |V Cl r\)
X, N Cl e
N —
S Y et a
¥ x N x RPN l|‘
N — N
l“ NyP\N / ACONHR A( \P§ /P< Xr
% N
Ar XN r
\0/ N \
k
R X Compound

O s

CHyCHyCHg Q a  da(mono-). 5a(di), 6a (tri)
CH,CH; Q Cl 4b(mono-), b(di). b (uri-)

H a 3a

(1),2* N-ethyl-o-hydroxybenzylamine 2),% and o-hydroxynaph- Chart 1

thylamine hydrochloride3)?> have been prepared according to the IR c°"ﬂ:°—u"d :H cHon Ar X

methods reported in the literature. e
4,4,6,6-Tetrachloro-3,4-dihydro-spiro[1,3,2-naphthoxazaphos- oH 2 CH:CH,

phorine-[245,445,619[1,3,5,2,4,6]-triazatriphosphorine (3a). A C"’N"’C' . "

solution of 3 (0.53 g, 2.50 mmol) in THF (100 mL) and on

triethylamine (2.00 mL) were slowly added to a stirred solution of >\/x

N3PsClg (0.87 g, 2.50 mmol) in THF (50 mL) at room temperature. P ? O

The mixture was stirred for 3 h, and the precipitated aminehydro- x\T ﬁ’/w 3 H cl

chloride salt was filtered off. The solvent was evaporated completely v PNy /P\} O

and the oily residue purified by column chromatography with

benzene. White powder was crystallized from acetonitrile (GHCI e

R = 0.87). Yield: 0.90 g (59%). mp: 17€C. Anal. Calcd for NN f O O_

CuHoNLOPCl;: C, 29.46; H, 2.00; N, 12.50. Found: C, 30.01; | [ % ® )

H, 1.92; N, 12.48. ESI-MS (fragments are based3@, |, %): X/I\N/P\,)"

m/z 448 ([(M+H)] ", 52.0). FTIR (KBr, cmt): v 3088;3065 (CG-H X

arom.), 2874;2826 (€H aliph.), 1214;1190 (#N), 590;517 (P- l,/ R 4a CH,CH,CH, C/C cl

Cl). 'H NMR (400 MHz, CDC4, ppm): 6 3.49 (bp, 1H, NH), 4.80 o N N

(dd, 1H, %344 = 4.60 Hz,3Jpy = 11.90 Hz, Ar-CH,), 4.84 (dd, \.I\ /|l|’<:}r @:

1H, Wuy = 4.60 Hz,3Jpy = 11.90 Hz, Ar-CH)), 7.23-7.85 (6H, v N ® CH:CHs “

Ar-H). 13C NMR (400 MHz, CDC}, ppm, numberings of aromatic

carbons are given in Table 5 of the Supporting Informatiod): 3 X

40.5 (d,2Jpc = 2.7 Hz, Ar-CH,), 116.60 (d2Jpc = 9.5 Hz, G), N e s CH.CH:CHs Cﬁ ¢

120.10 (d,2Jpc = 9.5 Hz, G), 122.40 (G), 125.90 (G), 128.00 | T/ \IN |

(C11), 129.60 (G), 130.50 (Go), 130.70 (G), 131.20 (G), 149.40 A(N>.\ /p<0},

(d, 2Jpc = 8.1 Hz, G). [\ OP N 5b CHoCHs Cﬁ cl
4,4,6,6-Tetrapyrrolidino-3,4-dihydro-spiro[1,3,2-naphthox-

azaphosphorine-[25,415,619[1,3,5,2,4,6]-triazatriphosphorine (3b). . Nf‘“ N

To a THF (50 mL) solution of BPsCls (1.74 g, 5.00 mmol) were N . éa CH,CH,CH, @: -

added 1.05 g 08 (5.00 mmol) in THF (75 mL) and triethylamine BN N L

(5.00 mL) slowly at room temperature. The mixture was stirred Ar/“\]',\ |l|,/ \r

for 2 h, and 2.56 g of pyrrolidine (3.00 mL, 40.0 mmol) was added g N N\, J 6b  CHCHs Cﬁ :

slowly. The mixture was refluxed for 6 h, and the precipitated amine

(24) (a) Cromwell, N. H.; Hoeksema, H. Am. Chem. Sod 945 67, hydrochloride was filtered off. The solvent was evaporated at

%22%1660. (b) Bar-Haim, G.; Kol, MOrg. Lett.2004 6 (20), 3549 reduced pressure, and the oily residue was purified by column

(25) Deana, A. A.; Stokker, G. E.: Schultz, E. M.; Smith, R. L.; Craoge, chromatography with chloroform. The product was crystallized from
E. J.; Russo, H. F.; Watson, L. $.Med. Chem1983 26, 580-585. acetonitrile (CHCJ, Rr = 0.69). Yield: 1.06 g (61%). mp: 148
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°C. Anal. Calcd for G;H41NgOPs: C, 55.29; H, 6.99; N, 19.11.
Found: C, 54.74; H, 7.18; N, 23.39. ESI-MS @h): m/z 587
((M—+H)]*, 100.0), ([(M-CsHgN)+H]*, 11.1), ([(M—CeH1eN2)+H] ™,
39.5). FTIR (KBr, cnt?): v 3059;3026 (C-H arom.), 2961;2861
(C—H aliph.), 1214;1190 (&N). IH NMR (400 MHz, CDC},
ppm): 6 1.73 (m, 16H, pyrrolidine NCKCH,), 2.69 (bp, 1H, M),
3.10 (m, 16H, pyrrolidine N&y), 4.64 (dd, 1H.X3J44 = 7.05 Hz,
SJPH = 14.2 Hz, AILCHz), 4.68 (dd, 1H,1JHH =7.06 HZ,SJPH =
14.2 Hz, ACH,), 7.10-7.76 (6H, ArH). 13C NMR (400 MHz,
CDCls, ppm): 6 26.50 (d,2Jpc = 4.6 Hz, pyrrolidine NCHCHy),
41.20 (d,2Jpc = 3.7 Hz, ArCH,), 46.30 (d,%Jpc = 2.2 Hz,
pyrrolidine NCHy), 116.90 (d2Jpc= 11.5 Hz, G), 117.00 (d3Jpc
= 11.5 Hz, G), 122.40 (G), 124.60 (G), 127.10 (Gy), 129.10
(Cy), 129.30 (Gg), 130.40 (G), 131.50 (G), 151.70 (d2Jpc=7.1
Hz, Gy).

3-Propyl-4,4,6,6-tetrachloro-3,4-dihydro-spiro[1,3,2-benzox-
azaphosphorine-[25,415,619][1,3,5,2,4,6]triazatriphosphorine (4a).
A solution of 0.40 g ofl (2.42 mmol) in THF (50 mL) and
triethylamine (5.00 mL) were slowly added to a stirred solution of
0.85 g of NPsClg (2.42 mmol) in THF (75 mL) at ambient
temperature. The mixture was stirred #oh and the precipitated
amine hydrochloride filtered off. The solvent was evaporated in
vacuo, and the oily product was crystallized frorhexane (CHG|
R = 0.74). Yield: 0.35 g (86%). mp: 84C. Anal. Calcd for
C10H13N4OP3C|41 C, 28.27; H, 2.95; N, 12.72. Found: C, 28.34;
H, 3.10; N, 13.03. ESI-MS (fragments are based®#@l, I, %):
m/z 440 ([(M+H)]*, 100.0); ([((M—CsH7)+H] ™, 16.7). FTIR (KBr,
cml): v 3061;3026 (G-H arom.), 2932;2872 (€EH aliph.),
1222;1190 (B=N), 577;519 (P-Cl). *H NMR (400 MHz, CDC},
ppm): 6 0.99 (t, 3H,3Jyy = 7.38 Hz, NCHCH,CHj3), 1.70 (m,
2H, 34y = 7.34 Hz, NCHCH,), 3.10 (m, 2H,3J4y = 7.38 Hz,
3Jpy = 12.6 Hz, NGH,), 4.30 (d, 2H,3Jpy = 15.5 Hz, Ar(H,),
7.05-7.30 (4H, ArH). 13C NMR (400 MHz, CDC}, ppm): 6 11.30
(NCH,CH,CH3), 21.10 (d,3Jpc = 2.04 Hz, NCHCHy), 48.20 (d,
2Jpc = 1.26 Hz, AICH,), 49.70 (d,2Jpc = 2.28 Hz, NCH,), 118.70
(d, 3Jpc = 4.62 Hz, G), 123.90 (d2Jpc = 13.38 Hz, G), 124.20
(Ce), 126.40 (G), 128.90 (G), 149.90 (d,2Jpc = 4.68 Hz, G).

3-Ethyl-4,4,6,6-tetrachloro-3,4-dihydro-spiro[1,3,2-benzoxaza-
phosphorine-[245,445,64][1,3,5,2,4,6]triazatriphosphorine (4b).
A total of 4.61 g of NPsCls (13.2 mmol) in THF (75 mL) was
added to a solution dt (2.00 g, 13.2 mmol) in THF (25 mL) and
triethylamine (5.00 mL) at room temperature. The mixture was
stirred for 2 h, and the precipitated amine hydrochloride was filtered
off. The solvent was evaporated completely, and the oily residue
was crystallized froom-heptane (CHG| R; = 0.72). Yield: 3.51
g (87%). mp: 78C. Anal. Calcd for GH;;N4,OPCly: C, 25.35;
H, 2.58; N, 13.14. Found: C, 25.62; H, 2.51; N, 13.17. ESI-MS
(fragments are based GPCI, I, %): m/z 426 ([(M+H)]*, 21.7);
([(M-3Cl)+H]*, 13.7). FTIR (KBr, cmt): v 3071;3034 (CG-H
arom.), 2926;2872 (€H aliph.), 1200;1180 (&N), 573;517 (P
Cl). ™H NMR (400 MHz, CDC}, ppm): 6 1.30 (t, 3H,33n =
7.16 Hz, NCHCHy), 3.20 (m, 2H,3J4y = 6.95 Hz,3Jpy = 13.4
Hz, NCH,), 4.30 (d, 2H3Jpy = 15.65 Hz, ArGH,), 7.05-7.35 (4H,
Ar-H). 13C NMR (400 MHz, CDC}, ppm): ¢ 13.10 (NCHCH3),
42.80 (d2Jpc = 4.50 Hz, AICH,), 47.90 (d2Jpc = 2.00 Hz, NCH,),
119.40 (d,3Jpc = 8.20 Hz, G), 124.60 (d,2Jpc = 7.20 Hz, G),
125.0 (G), 127.30 (G), 129.70 (G), 150.80 (d,?Jpc = 8.2 Hz,
Cs).

6,6-Dichloro-bis{3-propyl-3,4-dihydro-spiro[1,3,2-
benzoxazaphosphoring[245,445,61°][1,3,5,2,4,6]-
triazatriphosphorine (5a). A solution of 3.83 g ofl (23.21 mmol)
in THF (75 mL) and triethylamine (5.00 mL) were slowly added
to a stirred solution of 4.03 g of J®;Clg (11.6 mmol) in THF (75
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Figure 1. (a)3!P NMR spectrum of compountb before the addition of

CSA. (b)3'P NMR spectrum of compourisb after the addition of 10 drops
of CSA.

Iighint g

mL) at room temperature. The mixture was stirred for 8 h, and the
precipitated amine hydrochloride was filtered off. The solvent was
evaporated completely in vacuo, and the oily residue was crystal-
lized from n-hexane (CHG| R = 0.51). Yield: 2.30 g (40%).
mp: 101°C. Anal. Calcd for GoH26NsO,PsCl,: C, 45.11; H, 4.88;

N, 13.15. Found: C, 45.74; H, 4.83; N, 13.43. ESI-MS (fragments
are based ofCl, I; %): m/z532 ([(M+H)]T, 100.0). FTIR (KBr,
cmY): v 3080;3046 (G-H arom.), 2870;2853 (€EH aliph.),
1215;1178 (B=N), 555;506 (P-Cl). *H NMR (400 MHz, CDC},
ppm): 6 1.00 (t, 6H,3J4y = 7.38 Hz, NCHCH,CHj3), 1.75 (m,

4H, 3Jyy = 7.40 Hz, NCHCH,), 3.10 (m, 4H,3Jy4 = 6.50 Hz,
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3Jpy = 13.1 Hz, NGH,), 4.20 (dd, 2H,%3344 = 6.50 Hz,3Jpy =
14.7 Hz, ACH,), 4.35 (dd, 2H 13y = 6.60 Hz,3Jpy = 14.6 Hz,
Ar—CHpy), 6.90-7.30 (8H, ArH). 13C NMR (400 MHz, CDC},
ppm): 6 11.50 (NCHCH,CHj3), 21.20 (NCHCH,), 48.60 (AICH,),
50.10 (NCHy), 119.20 (t,2Jpc = 8.20 Hz, G), 124.30 (t,%Jpc =
7.80 Hz, G), 125.00 (G), 127.20 (G), 129.20 (G), 150.50 (t2Jpc
= 7.30 Hz, Q).
6,6-Dichloro-bis{3-ethyl-3,4-dihydro-spiro[1,3,2-
benzoxazaphosphoring[245,415,64°][1,3,5,2,4,6]-
triazatriphosphorine (5b). A total of 3.50 g 0f2 (23.17 mmol) in
THF solution (75 mL) and triethylamine (5.00 mL) were slowly
added to a stirred solution of 4.02 g ofMCls (11.6 mmol) in

ilter et al.

cis-cis-cis- isomer

(a) The possible geometric isomers of déa@and5b) and trispirocyclic 6a and 6b) phosphazene architectures. (b) The ORTEP diagram and

(t, 6H, 3Jyn = 7.15 Hz, NCHCH3), 3.25 (m, 4H )4y = 6.93 Hz,
3Jpy = 13.6 Hz, NGH,), 4.15 (M, 4H Xy = 5.61 Hz,3Jpy = 14.1
Hz, ArCH,), 7.05-7.40 (8H, ArH). 13C NMR (400 MHz, CDC},
ppm): 6 13.18 (NCHCH3), 42.83 (AICH,), 48.05 (NCHy), 119.32
(d, 3Jpc = 3.90 Hz, G), 124.90 (d,%Jpc = 3.60 Hz, G), 125.0
(Ce), 127.34 (G), 129.32 (G), 151.20 (d,2pc = 3.7 Hz, G).

tris{ 3,4-Dihydro-spiro[1,3,2-benzoxazaphosphoring24°,415,61-
[1,3,5,2,4,6]triazatriphosphorine (6a).A solution of 1 (5.75 g,
34.8 mmol) in THF (75 mL) and triethylamine (5.00 mL) were
slowly added to a stirred solution of 4.03 g off4Cls (11.6 mmol)
in THF (75 mL) at ambient temperature. The mixture was refluxed
for 18 h and the precipitated amine hydrochloride filtered off. The

THF (75 mL) at room temperature. The mixture was stirred for 10 solvent was evaporated under reduced pressure and the oily residue
h, and the precipitated amine hydrochloride was filtered off. The chromatographed [sillicagel, eluent THF/toluene (1:3)]. The product
solvent was evaporated, and the oily residue was crystallized fromwas crystallized from benzene (CHCR; = 0.48). Yield: 2.20 g

n-hexane (CHG| R = 0.45). Yield: 1.50 g (43%). mp: 11%®C.
Anal. Calcd for Q8H22N502P3C|2: C, 42.85; H, 4.36; N, 13.88.

(38%). mp: 133’C. Anal. Calcd for GoH39NeO3Ps: C, 57.69; H,
6.25; N, 13.46. Found: C, 57,74; H, 6.83; N, 13.43. ESI-MS (I

Found: C, 43.03; H, 5.07; N, 13.91. ESI-MS (fragments are based %): m/z624 (IM*], 43.4); ([(M—H)]*, 100.0). FTIR (KBr, cn1l):

on 3Cl, I, %): m/z 504 ([((M—H)]*, 6.7). FTIR (KBr, cntl): »
3059;3026 (G-H arom.), 2972;2932 (€H aliph.), 1259;1178 (&
N), 598;559 (P-Cl). 'H NMR (400 MHz, CDC}, ppm): 6 1.32

9936 Inorganic Chemistry, Vol. 46, No. 23, 2007

v 3073;3046 (G-H arom.), 2959;2866 (EH aliph.), 1244;1180
(P=N). IH NMR (400 MHz, CDC}, ppm): ¢ 0.94 and 0.98 (t, 6H
and 3H,3JHH = 7.36 Hz, NCHCHchg), 1.67 (m, 6H,3JHH =
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Table 3. 3P NMR (decoupled) Spectral Data,ando’ Angles (deg), and\(P—N) Value$

Q CHy (//>
a a a a . 0 a = a
N¢<\l Nép/\N A Q NE‘/\NN\ £ CH, C>< N@ HN\é—N Nﬁx\/NH
i Ve Ne Ue T AN 'SSEENG I @
0/ 7 \0 0/ g N cl /\FL/ “ C]/ v \Ob o P\I\/P ob = ’ N:/P\ 1
i : \Cl a ‘
ISS "35 "|15d IV1Sa V1Sa v|36
compound 3a 3b 4a 4b 5a 5b 6a 6b
spin system AX AB> AX> AX> AB A2B AB> AX>
J (PCh) 23.40 18.80 23.70 24.03 28.60 28.60
(2.]pp= 58.5) e\]ppz 45.2) e‘]ppz 56.4) e.]ppz 56.2) e.]pp: 64.5) erpz 638)
0 (PON) 4.54 16.70 5.60 4.95 12.70 12.30 18.20; 5.03;
18.70 23.71
(2.]pp= 58.5) e\]ppz 45.2) e‘]ppz 56.4) e.]ppz 56.2) e.]pp: 64.5) erpz 638) e‘]ppz 52.8) €Jpp: 56.3)
NPN ()P 115.05(2) 113.45(0.35) 113.97(14) 115.18(15)
NPN (@) 102.50(2); 103.50(4); 102.77(15) 101.79(15);
102.26(19) 103.38(0.36) 102.85(15)
alb® 1.6005(4)/ 1.5925(7)/ 1.5960(3)/ 1.5825(3)/
1.55125(4) 1.55475(7) 1.5530(3) 1.5620(3)
A (P—N)d 0.049 0.037 0.043 0.020
analogous compoungls 135 1135 1 15d Iv 152 V15a V| 36
J (PON) 12.0 12.30 1.60 5.15 1.66 12.94
NPN (o) 115.70(2) 115.18(14) 115.03(17) 116.38(11) 116.45(14) 116.30(7)
NPN (@) 105.90(2) 102.60(2) 101.03(14) 100.30(9) 101.66(13) 102.90(7)
A(P—N) 0.017 0.020 0.041 0.026 0.019 0.011

agd (PCh), a, anda’ values for NPsCls are 19.30 ppm, 118.30(2)and 101.20(2)3" respectively? Average values have been taken into account for

endocyclic angles:a andb = the average lengths of two adjacentI® bonds

(A).9 A(P—N) = a — b (the choice of which of the two bond lengths are

subtracted from each other is somewhat arbitrary, AR—N) must be consistent for the set of compounds discussed and comgfared)analogous
compounds taken from the literature are as shown in the figure at the top of this table.

7.40 Hz, NCHCH,), 3.08 (m, 6H,3J4y = 7.50 Hz,3Jpy = 11.7
Hz, NCH,), 4.22 (m, 6H,30yn = 6.59 Hz,3Jp = 13.8 Hz, Ar-
CHy), 6.80-7.30 (12H, ArH). 3C NMR (400 MHz, CDC},
ppm): 6 11.50 and 11.60 (NCHCH,CH3), 21.10 and 21.40
(NCH,CHy), 48.40 and 48.60 (ABH,), 49.60 and 49.80 (8H,),
118.30 and 118.60 (8Jpc = 4.50 Hz, G), 122.50 and 122.60 ¢
123.90 and 124.30 ¢ 126.30 and 126.40 ¢ 127.90 and 128.00
(Cy), 151.10 and 151.40 (&

4,4,6,6-Tetrapyrrolidino-tris{ 3,4-dihydro-spiro[1,3,2-
benzoxazaphosphoring[24°,445,61%][1,3,5,2,4,6]triaza-triphos-
phorine (6b). A solution of 2 (5.27 g, 34.8 mmol) in THF (75
mL) and triethylamine (5.00 mL) were slowly added to a stirred
solution of 4.03 g of NPsCls (11.6 mmol) in THF (75 mL) at room
temperature. The mixture was refluxed for 16 h and the precipitated
salt filtered off. The solvent was evaporated, and the oily residue
was purified with column chromatography with a THF/toluene (1:
5) mixture as the eluent. The product was crystallized from
chloroformh-heptane (1:1) (CHG) Ry = 0.50). Yield: 2.70 g
(51%). mp: 114°C. Anal. Calcd for G;H33NgOsP:: C, 55.67; H,
5.67; N, 14.43. Found: C, 56.00; H, 5.83; N, 14.52. ESI-MS (I
%): m/z582 ([M*], 29.3); (((M—H)] ", 81.4). FTIR (KBr, cml):

v 3080;3038 (C-H arom.), 2970;2866 (€H aliph.), 1244;1176
(P=N). *H NMR (400 MHz, CDC}, ppm): 6 1.25 (t, 9H,3J4y =

7.20 Hz, NCHCHj3), 3.20 (m, 6H,%Jyy = 6.82 Hz,3Jpy = 13.4

Hz, NCHy), 4.30 (d, 6H,3Jp4 = 15.6 Hz, Ar—CHy), 7.00-7.35

(12H, Ar-H). 3C NMR (400 MHz, CDC}, ppm): & 13.00
(NCH,CH3), 42.80 (d,2Jpc = 4.50 Hz, AICH>), 47.90 (d,2Jpc =

3.55 Hz, NCHy), 118.60 (d2Jpc = 8.3 Hz, G), 123.80 (d3Jpc =

7.30 Hz, G), 125.0 (G), 127.30 (G), 129.70 (G), 149.90 (d2Jpc

= 8.80 Hz, G).

X-ray Crystal Structure Determinations. Colorless crystals of
3a, 43, 4b, and5a were grown by dissolving the compounds in
hot acetonitrile n-hexanen-heptane, ana-hexane, respectively,
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 CuoKradiation ¢ =
1.54184 A) atT = 296 K for 3a and 4a and a Rigaku R-AXIS
RAPID-S diffractometer using Mo & radiation ¢ = 0.71073 A)
at T = 296 K for 4b and5a. Absorption corrections by scari®

(for 3aand4a) and multisca® (for 4b) were applied. Structures
were solved by direct methods (SHELXS-##nd refined by full-
matrix least-squares agairst using all data (SHELXL-9738 All
non-H atoms were refined anisotropically. The H atom positions
are as follows: [all except H4A and H4B] (f@&a), [all] (for 4a),
[H8A, H8B, H9A, H9B, HIC] (for 4b), and [all] (for 5a) were
calculated geometrically at distances of 0.93 (CH) and 0.97%CH
and 0.96 A (CH) from the parent C atoms; a riding model was
used during the refinement process, and thg(H) values were
constrained to be 112, (for CH and CH) and 1.8J¢ (for CHs).
H4A and H4B (for3a) and the other H atoms (faib) were located

in difference syntheses and refined isotropically.

Results and Discussion

Synthesis The novel spirocyclic phosphazene derivatives
(8a—6h; Chart 1) have been obtained from the reactions of
N/O donor-type N-alkyle-hydroxybenzylaminesl(and 2)
and o-hydroxynaphthylamine3) in THF. The reactions of
N3PsCls with the bifunctional reagentsl{3) seem to be
regiospecific because only the spirocyclic architectures have
formed (Scheme 1). The reactions of 1 equiv gPCls with
1 equiv of1, 2, and3 in THF with triethylamine as the HCI
acceptor produce monospirocyclic phosphazene derivatives

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

(27) North, A. C. T.; Phillips, D. C.; Mathews, F. &cta Crystallogr.,
Sect. A1968 24, 351—359.

(28) Sheldrick, G. M. SHELXS-97; SHELXL-97; University of ‘Gm-
gen: Gidtingen, Germany, 1997.
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4a, 4b, and3a, respectively. The tetrakis-pyrrolidinophos-  (a)
phazene derivative8b, has been isolated from the reaction
of 3awith the excess of pyrrolidine. When the reactions have
been carried out with 2 equiv of and 2, dispirocyclic
phosphazene skeletorsa(and5b) have been obtained. In
addition, when 3 equiv of and2 have been added at room
temperature, the dispiro isome&a@nd5b), which are the
major products, besides the minor trispiro derivativea (
and6b), have been obtained. Whereas, when the reactions
have been carried out in THF by refluxing for 18 h, the
trispirocyclic derivatives@a and6b) have become the major
products. The yields obtained for the reactions were variable
depending on mono-, di-, and trisubstitution of the products.
Monospirocyclic phosphazene derivativ8s, 4a, and4b,
have been obtained with yields in a range of-B%%;
dispirocyclic phosphazenesa and5b, have been obtained
with a relatively small yield of 40%, and trispirocyclic
derivatives,6a and6b, have yields ranging between 38 and
51%. Although the ansa derivativésvere expected to form,

no ansa products have been isolated in this study. The
crystallographic and preliminary CSA results showed that
compoundsa and5b are trans (racemic) mixtures (Figure
1); in addition,6aand6b are expected to exist as eigans-
trans- or cis-cis—cis-geometric isomers, and both of them
are found to be in cistrans-trans configurations (Figure 2).

IR and NMR Spectroscopy. The FTIR spectra of the
spirophosphazene derivativedaf-6b) exhibit two medium-
intensity absorption signals at 3078050 cni* and 3046~
3020 cnt attributed to asymmetric and symmetric stretching
vibrations of the Ar-H protons. Spirophosphazene deriva-
tives display intense bands between 1259 and 1176'cm
attributed tovpe—y bonds of the phosphazene ritg.The
characteristicvny stretching bands of N-alkyd-hydroxy-
benzylamines disappear in the FTIR spectralaf4b, 5a,
5b, 68, and6b, while the corresponding bands appear at 3227
and 3194 cm! for 3a and 3b, respectively. As expected,
two kinds ofvecabsorption peaks, namely, asymmetric and
symmetric vibrations, have arisen for the partly substituted
spirophosphazene84d, 4a, 4b, 5a, and5b) at 598-555 and /
559-506 cntt. Figure 3. (a) An ORTEP-38 drawing of 5a with the atom-numbering

The H-decoupled®P NMR spectral data of the phosp- scheme. Displacement ellipsoids are drawn at the 50% probability level.
hazene derivatives are listed in Table 3. According to the The conformations of (b) the six-membered macro-ring and (c) the
spectral data, all of the compounds have spiro architectures PhosPhazene ring are also given.

The spin systems are interpreted as simple,A%B, and
AB, from the 3P NMR spectra of §a, 4a, 4b, 6b), (53),

(©

kg P3

or trans (racemic) mixtures. The crystallographic and pre-

i _ liminary CSA results showed that both of the compounds
and @b, 5b, and6a), respectively. The spin systems®. 5, 504 51) are racemic (Figures 1 and 3). In addition,

andéb are AB; and AX,, respectively, indicating that only - 56ndssa and 6b are also expected to exist as -€is
C|s—tra_ns— tran;—geometnc ISomers are isolated (Figure 2D). trans-trans- or cis-cis—cis-geometric isomers. Both of them
According to Figure 2b, the orientation of the two N-propyl- are found to be in cistrans-trans forms according to the

spiro rings of6a are the same, whereas that of the other is ORTEP diagram o6a?® (Figure 2b) and th&P NMR spectra
different; hence, the whole molecule looks like a propeller of 6a and6b, as mentioned above.

where the chemical environment of P1 is different from those

of P2 and P3. (29) The crystallographic data for compoudado not fulfill the require-

Two P atoms in disubstituted spirocyclic phosphazenes  ments of the checkCIFF program, but some of the data were used in
P y P P this study for Figures 2 and 3 only: empirical formulagl@zgNeOsPs;

phosphazene$é and 6b) are expected to be stereogenic 18-37%219222;; tzg ),)1%816,&83;2 C(,\/i\i, 20i?589f£%fté§ie'g)ig?ﬂ(Nci§9),
. ;(deg), 90; —-N1 = 118. ; ~N3 =
phosphorus atoms. Compoun@ia and 5b are expected to 116.04(15), N2 P3-N3 = 116.32(16): N6-P2-03 = 102.08(16):

exist as cis- or trans-geometric isomers and to be cis (meso)  N5-P1-02 = 101.40(14); N4P3-01 = 100.25(16).
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Phosphorus-Nitrogen Compounds

25

23 |

y =3,1261x - 349,13
R=0,94

21 1

25

20 -

n
15 | =
O
13 1 10 |
%)
L S
1" c
@
910 5 -
10
7 ]
5] 0 -
% a-angles a’-angles
1 -5
112 113 114 115 116 117 118 119 99 100 101 102 103 104
(@) (b)
24
22
20 -
A
18 -
161 o
=
14 -Cq,
o
121 15
10 -
8 -
6
4
2 ]
A(P-N)
0
-0,02 -001 © 0,01 002 003 004 005 008 007 0,08
(©)
Figure 4. Plot of 6 shifts against (a) endocyclic angles, (b) exocyclie’ angles, and (ch(P—N) parameters of N/O donor-type phosphazene derivatives.

The endocyclico. and exocyclica’ bond angles of the

which is known as the standard compound in the field of

phosphazene derivatives are given in Table 3. The variationsphosphazene chemistry) and the analogous compounds taken
in the bond angles depending on the steric hindrances offrom the literaturel(3> 11 35 11l 154V 152V 152andVI 3¢ Table
exocyclic groups and electron-releasing and -withdrawing 3). The trend observed far ando’ angles (Figures 4a and
capacities of small or bulky substituents have previously beengp) is in good agreement with those of Sh¥abarre3
reported:*¢144.16t was observed that relatively small changes gpq Bilge et aP!® It was observed that there is a linear

in exocyclic bond angles of nonspirocyclic phosphazene relationship between the endocyclic NPY éngles andP

derivatives caused large changes?®#® NMR chemical

shifts3 In the case of analogous spirocyclic phosphaza lariat
ethers, linear trends have been observed for the relationship

between endocyclic NPNojj bond angles andP shifts3!
Parts a and b of Figure 4 were depicted doanda’ bond
angles versus thé&P shifts of the spirocyclic phosphazenes
synthesized in this study8§, 4a, 4b, 5a, 6a, and NP:Cls,

(30) Shaw, R. APhosphorus Sulfur Relat. Elerh986 28, 99—128.

(31) (a) Labarre, M. C.; Labarre, J. .Mol. Struct 1993 300, 593-606.
(b) Bilge, S.; Demiriz,,§ Okumus A.; Kilig, Z.; Tercan, B.; H&elek,
T.; Blyukgungér, O. Inorg. Chem 2006 45 (21), 875-876.

shifts, similarly as it was for phosphaza lariat etii@psyhile

for the exocyclic NPO(') angles, the points are accumulated
on the left- and right-hand sides of the curve (Figure 4b)
that passes through a minimum. The linearity fits the
relationship supporting the validity of the equation given as
follows: 6P = 3.126lx — 349.13. According to the
regression line, the values afangles can be estimated and
compared with those obtained from the X-ray data (experi-
mental value). It is well-known that solvent interactions alter
the OP shifts, whereas the intra- and intermolecular interac-

Inorganic Chemistry, Vol. 46, No. 23, 2007 9939



(b) (©

N3 N3*
P1’
P1gd g 8

PN1

N2 N2 el
p1 QLo P2
C3 P2’
P3 N4 O1

N3

Figure 5. (a) An ORTEP-38 drawing of 3a with the atom-numbering
scheme. Displacement ellipsoids are drawn at the 50% probability level.
The conformations of (b) the six-membered macroring and (c) the
phosphazene ring are also given

Table 4. Hydrogen-Bond Geometry (A, deg) f@a

D—H---A2 D—H H---A D---A D—H--A
N4—H4A-~NL1 0.890(33) 2.180(36) 3.049(6) 165.18(3.37)
N4-H4B--N1i  0.793(67) 2.278(65) 3.066(6) 172.44(6.26)

aSymmetry codes: (iyx, -y, 1—z ()1 —x, —y,1— 2z

tions, as well as the hydrogen bonds, may affecttlaagles.
The point for3a (Table 3) deviates from linearity in Figure
4a. The experimental and calculatedvalues for3a are
115.05 and 113.13, respectively. Compounga contains
two independent molecules in the asymmetric unit (Figure

ilter et al.

In all of the phosphazene architectures, thieand 13C
signals have been assigned on the basis of chemical shifts,
multiplicities, and coupling constants. The assignments have
been made unambigously by two-dimensional heteronuclear-
correlated experiments (HETCOR) using delay values cor-
responding tolJ(CH) and by HMBC using delay values
corresponding t@J(CH), 3J(CH), and*J(CH) between the
carbons and protons (Table 5 of the Supporting Information).
The HETCOR and HMBC spectra 8aand4aare depicted
in Figures 6 and 7 (all of th&C and'H NMR assignments
have been written on the spectra) as exampleso-of
hydroxynaphthyl- and N-alkyb-hydroxybenzylamine-phos-
phazene derivatives, respectively.

The protons of the benzylic moieties give rise to doublets
and multiplets for 8a, 3b, 44, 4b, 6b) and 6a, 5b, and6a),
respectively. The geminal AK,N protons of5a, 5b, and
6a are not equivalent to each other; hence, the spectra of
these compounds show two groups of complex signals with
small separations, ca. 0.15 ppm. The signals of methyl
protons ofda, 4b, 5a, 5b, and6b are observed as triplets at
the range of 0.941.30 ppm, whereas those @&a are
observed as two separate triplets at 0.94 and 0.98 ppm.
One of them belongs to six protons of two methyl groups
and the other one to three protons of the other methyl
group.

All of the possible carbon peaks are observed from the
3C NMR spectral data as expected. ThEH signals of
compound3b are confirmed by HETCOR experiments,
which wered = 46.3 ppm for NCH, (pyr) ando = 41.2
ppm for ArCH,. Moreover, the aromatic carbons for the
compounds were determined by using delays in two-
dimensional HETCOR and HMBC experiments to emphasize
the long-range couplings, eith&(CH), 3J(CH), or*J(CH),
between the carbons and protons (Figure 6; Table 5,
Supporting Information). The expected coupling constants

5). The deviation appears likely to be caused by the packingbetween aromatic C atoms and P atoms are observed for

in the unit cell which contains intermolecular hydrogen bonds
(Table 4). In summary, it is crucial to analyze NMR

C,, Cs, and G in the compounds except for,@nd G of
6a. These couplings)(PC,), 2J(PG), and*J(PC,)] give rise

measurements and X-ray crystallographic data together toto doublets in the case 08§ 3b, 44, 4b, 5b, 6a (C; only),

interpret the results accurately.
The electron-releasing or -withdrawing power of spiro

and6b] and a triplet in the case &a. The triplet observed
for dispirophosphazen&4) may be due to the second-order

groups or substituents bonded to the phosphorus atoms offfects, which have previously been obser¥dicente and

the NsP; ring, A(P—N) (electron density transfer param-

co-workerg* have reported a new way to estimate #ieC)

eters: the difference between the bond lengths of two coupling constants between the external transitions of the

adjacent PN bonds that form part of the same three-
centered PN—P island in a cyclophosphazene riiggre
given in Table 3. The relationship between théP—N)
values 0f3a, 4a, 4b, 5a N3P:Clg, I, I, andVI versus the
chemical shifts §Pnvpo) appears to show a linearity (Figure

4c) implying that the observations have been quantitative

by the introduction of this correlation. The quantitative

relationships between the substituent electronegativity and

triplet. As the peaks of the nonprotonated carbon atoms
disappear in DEPT spectra, the carbons of aromatic rings in
all of the spirophosphazene derivatives have been determined.
Meanwhile, with both the HETCOR and HMBC results being
taken into account, the possible conformation8@&nd4a

(33) (a) Finer, E. G.; Harris, R. K.; Bond, M. R.; Keat, R.; Shaw, RJA.
Mol. Spectroscl197Q 33, 72—83. (b) Shaw, R. APhosphorus Sulfur
Silicon 1989 45, 103-136.

OP shifts in phosphazene chemistry were also proposed and34) Vicente, V.; Fruchier, A.; Cristau, H.. Magn. Reson. Cher2003

discussed in the literatufg.

(32) (a) Contractor, S. R.; Hursthouse, M. B.; Shaw, L. S.; Shaw, R. A.;
YZH. Acta Crystallogr., Sect. B985 41, 122-131. (b) Be§, S;
Coles, S. J.; Davies, D. B.; Hursthouse, M.; Kikc; Mayer, T.; Shaw,

R. A. Acta Crystallogr., Sect. R002 58, 1067-1073.
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41 (3), 183-192.

(35) Coles, S. J.; Davies, D. B.; Eaton, R. J.; Hursthouse, M. B.; KAlic
Shaw, R. A.; @&hin, S; Uslu, A.; Yeglot, S. Inorg. Chem. Commun
2004 7, 657-661.

(36) Coles, S. J.; Davies, D. B.; Hursthouse, M. B.; Kikc; Sahin, S;
Shaw, R. A.; Uslu, AJ. Organomet. Chen2007, 692, 2811-2821.

(37) Bullen, G. JJ. Chem. Soc. A971, 1450-1453.
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Figure 6. The HETCOR (a) and HMBC (b) spectra of compousal

in the CDC} solution are depicted in Figure 8a and b as  X-ray Structures of 3a, 4a, 4b, and 5a.The X-ray
examples, showing that the structures in the solution and structural determinations of compoun8a, 4a, 4b, and5a
the solid states are in accordance. confirm the assignments of their structures from spectro-
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Figure 7. The HETCOR (a) and HMBC (b) spectra of compoutal
scopic data. The molecular structures3aef 4a, 4b, and5a

planar for 3a (for primed molecule) ancda and are in

along with the atom-numbering schemes are depicted intwisted boat forms [Figure 5@y, = —163.9(2},and 6, =
Figures 5, 9, 10, and 3, respectively. The asymmetric units 113.5(3); Figure 3c,p, = —143.4(8) and 6, = 88.0(8Y],
of 3aand4a contain two molecules. The phosphazene rings while it is planar for the unprimed molecule 8& [Figure

of 4a and 4b are planar (Figures 9b,c and 10b,c), having 5c, ¢

total puckering amplitudé%Qr of 0.026(6), 0.071(6), and

= —174.7(3} and A, = 137.8(2}], having total
(38) Cremer, D.; Pople, J. A. Am. Chem. Sod975 97 (6), 1354-1358.

0.014(3) A, respectively. The phosphazene rings are not(39) Farrugial. J. J. Appl. Crystallogr 1997, 30, 565.
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(@)

(b)

Figure 8. The possible stereocisomer structures of compound3gand
(b) 4a at ambient temperature in CDLI

(b)

N1’

Figure 9. (a) An ORTEP-38 drawing of 4a with the atom-numbering
scheme. Displacement ellipsoids are drawn at the 50% probability level.
The conformations of (b) the six-membered macroring and (c) the
phosphazene ring are also given.

puckering amplitude§r of 0.069(4), 0.142(4), and 0.154-
(2) A, respectively. The six-membered rings A(P1/N4/C1/
C2/C3/01) and AP1/N4'/C1/C2/C3/0YT) (for 3a), A(P1/
N4/C7/C6/C1/01) and AP1/N4'/CT/C6/C1/0T) (for 44),
A(P1/N4/C7/C6/C1/01) (fordb), and A(P1/N4/C17/C16/
C11/01) and B(P2/N5/C7/C6/C1/02) (fba) are in twisted
forms with total puckering amplitude®r of 0.611(3) and
0.142(3) A (for3a), 0.436(3) and 0.449(3) A (fata), 0.365-

(©

\D
N4
Figure 10. (a) An ORTEP-38 drawing of4b with the atom-numbering
scheme. Displacement ellipsoids are drawn at the 50% probability level.
The conformations of (b) the six-membered macroring and (c) the
phosphazene ring are also given.

(2) A (for 4b), and 0.670(4) and 1.017(4) A (foBa),
respectively. Irba, a trans configuration has been established
according to propyl groups, and the rings A and B are in
downandup orientations.

In the unprimed molecule &a, the phosphazene ring has
a pseudo-mirror plane running through atoms N2 and P1.
As can be seen from the packing diagram (given in the
Supporting Information), the intermolecular-¥i---N hy-
drogen bonds (Table 4) link the molecules into chains along
thea axis, in which they may be effective in the stabilization
of the crystal structure. In the packing diagramstef 4b,
and 5a, the molecules are stacked along tnexes of the
unit cells.

The average PN bond lengths in phosphazene rings are
1.586(4) (for3a) and 1.579(4) A (foBd), 1.575(7) (forda)
and 1.577(7) A (fora), 1.581(3) A (for4b), and 1.582(3)
A (for 5a), which are shorter than the exocyclie-R bonds
of 1.601(4) (for3a) and 1.601(4) A (for3a), 1.630(8) (for
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43) and 1.609(7) A (ford), 1.608(3) A (fordb), and 1.645-
(3) and 1.635(3) A (foba). The electron back-donation also
causes the shortening of the exocyclieW?bonds according
to the average PN single bond of 1.683(5) A?

As can be seen from Table 1, 8g, 4a, 4b, and5a, a
angles are narrowed, whil® andf angles are expanded,
considerably, according to the “standard” compoungR;N
Cls. In the “standard” compound,a, o/, andj angles are
118.3(2), 101.2(1), and 121.4¢3Yespectively.

The sum of the bond angles around the spirocyclic-ring
nitrogen atoms [359.6(6) and 356.8({IN4 and N4, for 4a),
360.0(3Y (N4, for 4b), and 345.3(3) and 356.1(3{N4 and
N5, for 5a) show the hybridization of N atoms, where the
configuration around the N4 atom (f&a)] is pyramidal.
Thus, the N4 atom fdba may represent a stereogenic center.
Moreover, atoms (P1 and P2) f&a each have different

ilter et al.

spirocyclic derivative 3a) with the excess of pyrrolidine has
resulted in the tetrakis-pyrrolidino phosphazeBg)( The
correlation between the endocyclic NPN and exocyclic NPO
angles withoP shifts of the phosphorus atoms has been
investigated. The variations 6P shifts depend on the steric
and electronic factors of bulky substituents which change
the a, o', f, and y angles of the phosphazene rings
significantly. There is a linear trend between the NPN angles
andoP shifts. This trend allows the prediction @fangles,
taking into account the X-ray data, for the compounds for
which the 6P shift values are known, or vice versa. The
relationship betweer\(P—N) (a measure of the electron-
releasing or -withdrawing power of the spiro groups or
substituents) andP shifts has also been discussed. The
crystallographic and preliminary CSA results show that
compound$aand5b are in trans (racemic) configurations,

attachments and thus are also expected to be stereogenighile 6a and6b are in cis-trans-trans forms.

centers in the solid state. The absolute configuration of chiral

phosphorus centers (P1 and P2pmcan be designated as
(SS, racemic forms indicating that the Cahnlngold—
Prelod* priority order of groups is POA* NPChL > NPOAr

> NR.

Conclusions

N/O donor-type N-alkyle-hydroxy-benzyl- ana-hydrox-
ynaphthylamines have led to the formation of mon®e, (
4a, and 4b), di- (5a and 5b), and tri- @b, 6a, and 6b)
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