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The 'H and 3 1P NMR data concerning the spiro moiety of 3,9-di(alkyl-
phenoxy)-2,4,8,10-tetraoxa-3,9-diphosphaspiro[5,5]undecanes and their 3,9-
-dioxo analogues were used for the study of conformation. As for the 
derivatives of tricoordinated phosphorus, the, values of spin-spin coupling 
constants as well as their constancy in the temperature interval 23—72 °C 
imply the existence solely of the chair conformation with — O R in the axial 
position. The temperature dependence of the coupling constants J(P—H) and 
J(H—H) of the derivatives of tetracoordinated phosphorus suggests the 
presence of a mixture of conformers, but the chair conformation with axial 
— O R group remains preferred. A dependence of concentration of the chair 
conformation on steric factors due to alkyl substitution has been observed. 

Данные ! H - и 3 1Р-ЯМР спектроскопического изучения спиро части 3,9-
-ди(алкилфенокси)-2,4,8,10-тетраокса-3,9-дифосфаспиро[5,5]ундеканов 

и их 3,9-диоксо аналогов были использованы для изучения их конфор­
мацйи. У производных с трехкоординированным фосфором величины 
констант спин-спинового взаимодействия и их постоянность в интервале 
температур 23—72 °С свидетельствуют о конформацйи кресла как 
о единственно возможной с — O R в аксиальном положении. Температур­
ная зависимость констант спин-спинового взаимодействия J(P—H) и 
J(H—H) у производных с четырехкоординированным фосфором говорит 
о наличии смеси конформеров, причем предпочтительной остается кон-
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формация кресла с аксиальной группой OR. Наблюдалась зависимость 
концентрации конформации кресла от стерических факторов, являющих­
ся следствием алкильного замещения. 

Towards the end of sixtieth and in the course of seventieth years considerable 
attention was paid to the NMR study of structure of 1,3,2-dioxaphosphorinanes as 
well as their 2-oxo derivatives. The *H, 3 1P, and 13C NMR parameters were 
successfully used for determining the conformation of dioxaphosphorinane ring as 
well as the orientation of substituents on the phosphorus atom [1—7]. The 
derivatives of 2,4,8,10-tetraoxa-3,9-diphosphaspiro[5,5]undecane (A) which are 
structurally similar to 1,3,2-dioxaphosphorinanes are widely used in the region of 
polymer chemistry either as antioxidants or as light stabilizers. However, there are 
only the papers by White et al. [8, 9] in the literature that are concerned with these 
substances. The *H NMR study of the 3,9-dimethoxy derivative (A) performed by 
these authors has revealed that both cycles possess chair conformation. The subject 
of our study have been the 3,9-dialkylphenoxy derivatives (A) because of the fact 
that some properties of these compounds are dependent on the type of the phenoxy 
substituents. 

Experimental 

The 'H and 3 ,P NMR spectra were recorded on a Jeol FX-100 instrument. The 
investigations were carried out with ca. 0.1 M solutions of the compounds in CDC13 or 
dimethyl sulfoxide DMSO-d6. The 'H NMR spectra were measured within the range of 
1000 Hz by the use of 8 К memory. The chemical shifts are referred to internal standard 
TMS. The 3 ,P NMR spectra were measured within the range of 10 000 Hz by the use of 8 К 
memory. Phosphoric acid (85 %) was used as external standard. 

The preparation of the investigated derivatives J—XX/ was described in preceding 
communications [10, 11]. 

Results and discussion 

The compounds studied in this paper are represented by the following formula 

R О CH2v с н 2 — o v / 

* \ /о ii 2 4 / ^ 2 2 \ D / 
/10 ii 2 \ / ^ 2 2\/ 

x/N» 
where X = LP for compounds I-XIV 

X = 0 for compounds XV-XXl 
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Compound 

I, XV 
II 
III 
IV 
V, XVI 
VI, XVII 
Vil XVIII 
/X, XIX 
VIII 

x 
XI XX 
XII 
ХЩ XXI 
XIV 

R 

Phenoxy 
4-MethyIphenoxy 
4-Isopropylphenoxy 
4- rerŕ-Butylphenoxy 
4-( a, a-Dimethylbenzyl)phenoxy 
2-Methylphenoxy 
2-Isopropylphenoxy 
2- řerř-ButyI-4-methylphenoxy 
2-Methyl-4- terŕ-butylphenoxy 
2- ŕerŕ-Butyl-4-isopropylphenoxy 
2,4-Di- ŕerf-butylphenoxy 
2- ŕerŕ-Butyl-4-( a, a-dimethylbenzyl)phenoxy 
2,6-Dimethylphenoxy 
2,6-Di-isopropylphenoxy 

LP — lone pair. 

As the study has been focused on the geometry of their spiro moiety, the spectral 
parameters concerning the exocyclic substituents are not given. The protons and 
phosphorus atoms of the spiro moiety represent a ten-spin system from the 
view-point of NMR analysis because the axial protons of axial carbon atoms (with 
respect to vicinal ring) in chair conformation can acquire a nonzero four-bond 
coupling constant. Anderson [12] and Lapuka et a\. [13] investigated 2,4,8,10-tet-
raoxaspiro[5,5]undecanes and observed that the value of this coupling constant was 
equal to 1.0—1.8 Hz. Because of relatively poor resolution of the *H NMR spectra 
(Figs. 1 and 2) as well as outfit with iterative program only for 8 spins, we used 
a simplified approach to analysis. The spectra were analyzed as a five-spin system 
ABCDX where X stood for phosphorus. For simulating, we used FASNO-2 
program and the error in frequency of the lines of the simulated and experimental 
spectrum did not exceed 0.3 Hz. The use of successive iteration by means of 
LAOCOON III program on a computer Varian 76 gave spectral parameters 
practically identical with input values, which was attributed to poor resolution of 
the spectra as well as to simplified approach to the analysis. Figs. 1 and 2 show the 
consistence of the experimental and simulated spectra. 

The obtained values of the NMR parameters are summarized in Table 1. This 
table contains only the 'H NMR parameters of protons in one ring of the spiro 
moiety because of the Q symmetry of the analyzed compounds. Moreover, the 
chemical shifts of phosphorus are presented in this table. 
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f\ C\I M f\ 

experimental 

350 V/Hz 330_ 

simulated 

Fig. J. ' H N M R spectrum of c o m p o u n d / — s p i r o moiety. 
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experimental 

simulated 

Fig. 2. 'H NMR spectrum of compound XV— spiro moiety. 
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Compounds of tricoordinated phosphorus 

The preceding NMR investigations of the derivatives of 1,3,2-dioxaphos-
phorinanes have shown that the dependence of the vicinal coupling constant 
3J(POCH) on dihedral angle has the Karplus-like character and this constant has 
positive value in the whole range of angles [14, 15]. In the case of compounds with 
tricoordinated phosphorus, the coupling constant 3J(POCH) of the hydrogen 
atoms with dihedral angle of about 180° with respect to phosphorus is approxi­
mately equal to 10 Hz while its value for the protons with dihedral angle of about 
60° varies within the range 2—6 Hz according to the character of substituent 
[16,17]. 

The vicinal couplings of protons of the CH2 groups with phosphorus are thus 
convenient parameters for estimating the conformation of the cycle. For determin­
ing the conformation of compounds J—XIV, we took into consideration four 
variants (Fig. 3), i.e. chair, 1,4-boat, 3,6-boat, and twist boat. On the basis of two 
coupling constants 3J(POCH) measured in the range 10.4—10.6 Hz and other two 
constants with the values in the range 2.7—3.0 Hz we may rule out the 3,6-boat 

Fig. 3. Alternative conformations of compounds I—XXL 
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conformation as well as the twist boat conformation. The four-bond coupling (ca. 
2.5 Hz) of the protons which have 3J(POCH) in the range 10.4—10.6 Hz and are 
thus orientated into the trans position with respect to phosphorus enables us to 
arbitrate between the chair conformation and 1,4-boat conformation. In the 
1,4-boat conformation the protons which occur in the trans orientation with 
respect to phosphorus do not make up a transfer way proper for the observed value 
of four-bond coupling 4J(H—H). The values of three-bond 3J(POCH) and 
four-bond 4J(H-ľ—H-5') interactions thus unambiguously prefer the chair con­
formation of cycles of the spiro moiety of the analyzed compounds. Equal 
conformation was ascertained for the alkyl derivatives of 2-methoxy-, 2-chloro-, 
and 2-phenoxy-l,3,2-dioxaphosphorinane [8, 9, 18] where the simultaneous 
presence of two isomers made possible to find out that the thermodynamically 
stabler isomer had the —OR group in the axial position. The energetic preference 
of axial orientation is attributed to anomeric effect [19]. 

In contrast to coupling constants, the chemical shifts in protons of the investi­
gated compounds exhibit a certain dissimilarity in comparison with the protons of 
1,3,2-dioxaphosphorinanes, which is due to the presence of the second ring. The 
equatorial proton on the axial carbon atom of the second ring is considerably 
deshielded by the lone electron pairs of oxygen atoms of the second ring when 
compared with the corresponding proton on the equatorial carbon atom. This 
influence manifests itself, but to a smaller extent, in the axial proton. Both these 
effects may be superimposed by possible 1,3 syn-diaxial interactions between 
protons and lone electron pairs of oxygen atom in the —OR substituent provided 
this substituent is axially orientated. Therefore we cannot infer the orientation of 
substituent on phosphorus only from the order of chemical shifts in protons. 

Compounds I—XIV may be compared with the 5,5-disubstituted derivatives 
of 1,3,2-dioxaphosphorinane containing equal type of substituent, e.g. with 
2-phenoxy-5,5-dimethyl-l,3,2-dioxaphosphorinane. 

In conformity with this compound, we also observed the presence of only one 
isomer with compounds /—XIV because the equilibrium of isomers with axial and 
equatorial orientation of the —OR group is determined merely by energetic 
difference of these orientations and is not influenced by disubstitution in the 5,5 
position. 

The temperature measurements of proton spectra in the temperature range 
23—72 °C (solvent CDC13 and C6D6) showed merely a change in chemical shifts 
while the coupling constants did not change. The chair conformation of the 
analyzed compounds is thus thermodynamically stable and the concentration of 
other conformers present in the solution (on the assumption of rapid exchange) is 
either small and constant or is equal to zero. The temperature change in chemical 
shift may be attributed to a change in influence of the solvent. The thermodynamic 
stability of the preferred conformation indicates axial orientation of the —OR 
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substituents. A certain contradiction with this assumption is represented by 
chemical shifts of 31P according to which the substituted phenoxyl of compounds 
XIII and XIV with ortho disubstitution of the aromatic ring might occur in 
equatorial position owing to the difference A<5~4.5ppm when compared with 
compounds /—XII. According to literature data, the difference between the 31P 
chemical shifts of equatorially and axially substituted phosphorus in the derivatives 
of 1,3,2-dioxaphosphorinanes varies within the range 2—4 ppm and phosphorus 
with an axial substituent is always more shielded [20—22]. Thus in spite of 
constancy of the values of coupling constants observed in the lH NMR spectra of 
the whole series of compounds /—XIV, these substances were also subjected to 
the 13C NMR analysis which confirmed axial orientation of the —OR substituents 
for compounds XIII and XIV as well [23]. The influence of inductive and 
mesomeric effects of ortho substituents does not come into consideration because 
no more conspicuous change in chemical shift of 31P appears if we pass from 
nonsubstituted to orrho-monosubstituted derivative. 

The observed difference in chemical shifts of phosphorus may be explained by 
a change in the angle between the P—О—C-larom plane and the plane of the 
aromatic ring. As for compounds J—XII, this angle (со), which is varied in the 
course of rotation about the О—C-larom bond, is small on the average and likely 
near to zero for compounds with ortho substitution. But for ortho-disubstituted 
compounds, it approaches 90° due to steric factors. In this case, the conjugation of 
the л electrons of the aromatic ring and lone electron pairs of oxygen decreases, 
which manifests itself by a change in chemical shift of phosphorus. Different angles 
between the P—О—C-larom and the aromatic ring plane of compounds with one or 
two alkyl substituents in the ortho position may be responsible for the observed 
change in chemical shifts in protons of the CH2 groups. In both cases, the aromatic 
ring must be gauche orientated with respect to the lone electron pair of phosphorus 
owing to steric factors. Provided the plane of the aromatic ring is turned round 
perpendicularly to the P—О—C-larom plane, we may expect an increase of chemical 
shifts of axial protons because of an increased effect of anisotropic circular 
я-currents, which also was observed. The difference A á of 0.15 ppm corresponds 
to this effect. 

Compounds of tetracoordinated phosphorus 

A comparison of the !H NMR data of the compounds with tetracoordinated 
phosphorus atom with the data concerning the compounds with P(IH) (Table 1) 
shows that the introduction of phosphoryl oxygen into the molecule brings about 
a considerable change in chemical shifts and coupling constants between protons 
and the phosphorus nucleus. As for equatorial proton (H-5') on equatorial carbon, 
we observed an increase in chemical shift of about 0.7 ppm while an increase of 
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about 0.3 ppm appeared for equatorial proton on axial carbon (H-ľ). A compari­
son with the change A ô observed for the derivatives of 1,3,2-dioxophosphorinanes 
(ca. 0.65 ppm) [18, 24] shows that a change in steric interaction between the 
equatorial proton on axial carbon and lone electron pairs of both oxygen atoms in 
the second ring arises from the introduction of phosphoryl oxygen. In the series of 
the derivatives of 2-oxo-l,3,2-dioxaphosphorinanes for which the chair conforma­
tion was ascertained different authors observed the values of vicinal coupling 
constants 3J(POCHeq) and 3J(POCHax) to be in the range 20.2—24.4 Hz and 
0—3.8 Hz, respectively [25, 26]. It is interesting that the sum 3J(POCHax) + 
3/(POCHeq) was constant within the bounds of 0.5 Hz almost for all investigated 
compounds. According to Kainosho [27], the increase in 3J(POCHtrans) is caused by 
the fact that the я electrons of the phosphoryl bond play a certain role in the 
mechanism of formation of 3J(POCHeq). The values of vicinal 3J(P—H) interac­
tions obtained by us for compounds XV—XXI indicate the preferential presence 
of chair conformation because we simultaneously observed a four-bond 
4 J(H-ľ— H-5') coupling constant of about 2 Hz. 

Owing to lower values of the vicinal coupling between phosphorus and equato­
rial protons and higher values of 3J(POCHax) when compared with literature data, 
we had to take into consideration either the presence of further conformer (both 
conformers should be in rapid mutual exchange) or deformation of the chair 
conformation. The temperature dependence of coupling constants (Tables 2 and 3) 
indicates that the first variant is more probable. The presence of a mixture of 
conformers may be also responsible for the decrease in 3/(POCHeq) due to the 
introduction of a substituent into the ortho position of the aromatic ring as well as 
the additional decrease due to the introduction of the second substituent into the 
ortho position. Provided compound XXI is dissolved in CDC13, a higher concen­
tration of the second conformer may already be expected. It results from these facts 
that the energetic barrier is lower for P(V) compounds than for P(IH) compounds 
and steric factors of the type of ortho substitution significantly affect the equilib­
rium in the mixture of conformers. 

As we are lacking in the vicinal 3J(H—H) interactions for the investigated 
compounds, we cannot arbitrate whether an equilibrium of two chair conforma­
tions or a chair—twist boat conformation, observed by other authors [28—30] for 
some 2-oxo-l,3,2-dioxaphosphorinanes, exists in our case. As for the preferred 
chair conformation, we may assume the axial orientation of the —OR substituent 
because the measurements in DMSO displayed an increase in 3/(POCHeq) when 
compared with the measurements in CDC13, which meant that the concentration of 
this conformer increased. Owing to a higher value of dielectric constant of DMSO 
when compared with that constant of CDC13, it appears that DMSO prefers 
conformations with higher dipóle moment. The axial orientation of the —OR 
substituent was confirmed on the basis of the 13C NMR analysis [23]. 
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Table 2 

Temperature dependence of chemical shifts and coupling constants of P(V) derivatives in CDC13 

ô/ppm //Hz 
Compound в/°С 

XV 

XVI 

XVII 

XIX 

XXI 

22 

55 

22 

55 

22 

55 

22 

55 

22 

55 

H-1' 

4.84 

4.79 

4.83 

4.77 

4.80 

4.76 

4.88 

4.81 

4.78 

4.72 

H-1" 

4.55 

4.52 

4.52 

4.49 

4^55 

4.53 

4.59 

4.56 

4.65 
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H-5' 

4.16 

4.16 
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Table 2 (Continued) 

a 

Compound 

XV 

XVI 

XVII 

XIX 

XXI 

H-l"—H-5" 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

H-5—H-5" 

-11.8 
-12.0 

-11.8 
-11.8 

-11.9 
-12.1 ' 

-11.8 
-12.2 

-11.9 
-11.9 

J/Hz 

H-ľ—P 

21.2 
20.0 

21.2 
20.1 

19.7 
18.8 

20.1 
19.2 

17.9 
16.0 

H-l"—P 

4.0 
4.9 

4.3 
5.3 

5.6 
6.7 

5.2 
6.5 

7.5 
9.2 

H-5—P 

21.2 
19.5 

21.3 
19.9 

19.4 
17.3 

19.5 
18.1 

17.0 
16.0 

H-5"—P 

4.4 
6.6 

4.2 
5.4 

5.6 
7.2 

5.6 
6.8 

8.0 
9.2 

^1 
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