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Conformational analyses of the P(3)-axially and P(3)-equatorially F-substituted (�)-cis- and (�)-
trans-2,4-dioxa-7-aza-3-phosphadecalin 3-oxides (3-fluoro-2,4-dioxa-7-aza-3-phosphabicyclo[4.4.0]de-
cane 3-oxides) were performed. The results are based on independent studies in both solution and the
solid state by 1H- and 31P-NMR experiments and computational and X-ray crystallographic data. As
expected, the axial epimers adopt neat double-chair conformations in solution and in the crystal. Due
to the anomeric effect of the electron withdrawing F-substituent, the 2,4-dioxa-3-phospha moiety in
the equatorial epimers adopts a mixture of conformations in solution, mainly chair and twist-boat;
whereas a neat twist-boat (trans-isomer) and the unusual envelope conformation (cis-isomer) were
detected in the solid state. This is the first report of a straight visualization of these conformations and
the impact of the anomeric effect in such systems.

1. Introduction. – In a recent paper [1], we have reported on the synthesis and char-
acterization of 3-substituted, cis- and trans-2,4-dioxa-9-aza- (I), 2,4-dioxa-8-aza- (II),
and 2,4-dioxa-7-aza-3-phosphabicyclo[4.4.0]decane 3-oxides (III) (Fig. 1). The novel
heterocycles are configuratively fixed and conformationally constrained P-analogues
of acetylcholine (7-aza- and 9-aza isomers) or g-homo-acetylcholine mimetics (8-aza
isomers). Being inhibitors of acetylcholinesterase (AChE) [2], the compounds are con-
sidered to be suitable probes for the investigation of molecular interactions with the
enzyme, such as the recognition conformation of acetylcholine (ACh) and the stereo-
chemistry of the inhibition reaction.

Fig. 1. The 2,4-dioxa-3-phosphadecalins of types I– IV
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The 31P-NMR spectroscopic data of these novel compounds are most informative
and allow structural assignments such as the relative configuration at the P-atom and
the conformation of the 2,4-dioxa-3-phospha moiety. In this report, we present confor-
mational analyses of the (�)-3-fluoro-2,4-dioxa-7-aza-3-phosphabicyclo[4.4.0]decane
3-oxides (=2-fluorohexahydro-4H-1,3,2-dioxaphosphorino[5,4-b]pyridine 2-oxides)
1ax, 1eq, 2ax, and 2eq (Fig. 2 ; type III [1]). The results are based on the 31P-NMR chem-
ical shifts, 31P,1H-coupling data, and the crucial role played by the anomeric effect [3].
Moreover, the conformational impacts of the latter are directly visualized for the first
time by virtue of X-ray crystallographic analyses. A knowledge of the decisive confor-
mations is a prerequisite for the rationalization of the stereochemical course of nucle-
ophilic displacement reactions at the P-atom, in particular the inhibition of the serine
hydrolases chymotrypsin [4– 6] and AChE [7].

2. 31P-NMR Spectroscopic Properties: the Relative Configuration at the P-atom. –
2.1. The Chemical Shift. According to generalized stereoelectronic considerations
[8] [9], the 31P-NMR chemical shifts are dependent on the P�O ester dihedral angles.
Calculations indicate that a phosphate diester in a gauche,gauche conformation
would have a chemical shift substantially upfield from that of a phosphate ester in
more extended conformations such as gauche,trans or trans,trans (trans=anti-peripla-
nar) [10]1). Experimentally, the stereoelectronic effect on 31P-NMR chemical shifts
can be confirmed by using six-membered-ring systems in which the torsional angles
are rigidly defined by some molecular constraint. The 2,4-dioxa-3-phosphadecalins
I– IV (Fig. 1) ideally meet these requirements, and the 31P-NMR resonance of the
axial P(3)-epimers is expected to be diamagnetically shifted with respect to their equa-
torially substituted counterparts.

2.2. The Coupling Pattern. The magnitude of the vicinal J(P,H) is dependent on the
P�O�C�H dihedral angle (F) and exhibits a maximum value at 1808 and a broad min-
imum at ca. 908 (modified Karplus equation) [8] [10]. Therefore, the splitting pattern is
indicative of the conformations present in cyclic phosphates: in particular, in the chair
conformation of the 2,4-dioxa-3-phospha moiety, only Heq�C(5) has F=1808 which
results in a large coupling (3J(P,H)�25 Hz), whereas H�C(1) and Hax�C(5) have

Fig. 2. The isomeric 3-fluoro-2,4-dioxa-7-aza-3-phosphadecalins 1 and 2

1) In the phosphoric acid esters with a cyclic 2,4-dioxa-3-phospha structure, the bond angles are signif-
icantly distorted from tetrahedral values, and this distortion is more pronounced in the equatorially
substituted P-epimers. In these compounds the ester P�O bond angles contract to ca. 1038, while the
ester P=O angles increase to ca. 1158. This variation from tetrahedral symmetry results in a hybrid-
ization change on the P-atom which is quite likely responsible for the diamagnetic 31P-NMR chem-
ical shifts of these epimers [11].
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F=608 and show only very small couplings (3J(P,H)�0 – 1 Hz). Hence, a pseudo-d is
observed in the 31P-NMR spectrum. In other conformations, as F(P,Heq�C(5))
decreases andF(P,Hax�C(5)) andF(P,H�C(1)) increase, the 31P-NMR spectra exhibit
complex multiplicities.

2.3. The Relative Configuration at the P-Atom. As discussed above, the interpreta-
tion of both chemical-shift and coupling data enable the assignment of the relative con-
figuration at the P-atom in the 2,4-dioxa-3-phosphadecalins. In the course of our inves-
tigations, we observed that in the 3-epimer pairs of compounds I– IV, the upfield d(P) is
generally accompanied by a d-like signal with 3J(P,H)�25 Hz. Consequently, axial sub-
stitution at P(3) was assigned to these compounds, whereas the paramagnetically
shifted m signals were attributed to the equatorial P-epimers. By comparing various
P-substituents (Fig. 1), the magnitude of the chemical shift difference (Dd=deq�dax)
was shown to be inversely proportional to the electronegativity of the P-substituent;
we found a typical range from ca. 0.5 (L=F) to 7 ppm (L=S), i.e., Dd>0
[1] [4] [5] [12]. However, the cyclic phosphorofluoridates of the cis-series of the type
I– IV compounds (L=F) do not follow this empirical rule and display an inverse behav-
ior (Dd�0). From this result, it could be anticipated that the strongly electron-with-
drawing F-substituent occupies an axial position in both diastereoisomers, a fact that
can only be explained by significant conformational changes.

3. Conformational Analysis in Solution: the Anomeric Effect. – 3.1. General. As
outlined above, the 1H-coupled 31P-NMR spectra constitute a valuable probe for the
conformational analysis of our cyclic phosphorofluoridates (Fig. 3): The d-like high-
field signals clearly indicate the chair conformation of the 2,4-dioxa-3-phospha moiety
in the axial epimers. In contrast, the corresponding low-field resonances exhibit com-
plex multiplicities, i.e., the equatorial counterparts do not adopt the sterically favored
chair conformation. This can be explained by the anomeric preference for placing elec-
tronegative substituents in the axial rather than in the equatorial position [3] [9]. By
flipping from the chair to a boat or a twist-boat conformation, the equatorial ester
bond moves into a (pseudo)axial position. The resulting minimum-energy conforma-
tion represents a balance between the anomeric effect favoring the axial orientation
in distorted conformations and the 1,3-steric and -eclipsing interactions favoring the
chair conformation.

3.2. 31P,1H-NMR Spectra. – 3.2.1. The Modified Karplus Equation; the Axial Epi-
mers 1ax and 2ax. Since any deviation from a d-like multiplicity (Fig. 3) is indicative
of the existence of nonchair conformations, the interpretation of the 3J(P,H)-pattern
allows an assignment of the dihedral angles (F) and, as a consequence, the assignment
of the conformation adopted by the respective compound in solution.

The double-chair conformation of the P(3)-axially substituted decalins 1ax and 2ax
is sterically and stereoelectronically favored2)3). Hence, it can be anticipated that the
conformation in solution corresponds with that in the crystal structure. Based on the

2) The 3J(P,H) values are based on 31P-, 1H-, and 1H{31P}-NMR spectra [1]. The additional splitting in
2ax (7.5 Hz, Fig. 3) was unambiguously assigned to 4J(P,Hax�C(10)) by 1H{31P}-NMR experiments.

3) The fully ring-inverted double chair that is always possible in the cis-decalins, C-2, is strongly disfa-
vored (equatorial F-substituent) and need not be considered for 2ax.
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crystallographic (see Sect. 4) and the NMR data, the correlation between the dihedral
angles (F)4) and the vicinal couplings of the P-atom with HA, HB, and HC

5) can be
determined at six definite positions (Table 1)6). The resulting data were fitted7) to
the general Karplus equation [10] to yield the customized Eqn. 1 (Fig. 4). Since the
crystal structure (see Sect. 4) and the theoretically predicted vicinal coupling data are
consistent, it can be concluded that the 2,4-dioxa-3-phospha moiety in 1ax and 2ax
adopts a chair conformation in solution, i.e., C-11)5) (Table 1).

3JPH ACHTUNGTRENNUNG(F)=a cos2 F+b cos F+g (1)

a=14.8; b=�8.8; g=1.8

3.2.2. Conformations of the trans-Equatorial Epimer 1eq. Generally, the steric and
the stereoelectronic effects are opposite in the P(3)-equatorially substituted decalins.
Although the chair conformation is sterically favored, the anomeric preference of
the F-substituent to move into an axial position results in nonchair conformations

4) The crystallographic data are rounded and the algebraic signs of F are not specified as they cancel
each other out by application of the Karplus equation (for the accurate values see Exper. Part, Table
8).

5) HA=Hax�C(5), HB=Heq�C(5), and HC=Hax�C(1). The descriptors ‘ax’ and ‘eq’, resp. are based on
their relative positions in the chair conformation of the 2,4-dioxa-3-phospha moiety. Since these are
not maintained in other conformational arrangements, the indices A–C are used (HA is always cis to
HC). According to IUPAC conventions, the following short forms for conformations are used:
C=chair, B=boat, TB= twist-boat, and E=envelope.

6) The absolute values of the 3J(P,H) were taken from the 1H-NMR spectra, either directly, or in cases
of overlapping of HB and HC ACHTUNGTRENNUNGfrom the 1H,1H-COSY. They were identified by comparison with
1H{31P}-NMR spectra. Although the vicinal couplings are observable in the 31P-NMR (Fig. 3), unam-
biguous assignments are not possible; moreover, 3J(P,H)<2 Hz are not resolved due to line broad-
ening.

7) The parameters a, b, and g were calculated by Origin™ 5.0 (www.microcal.com) and exhibit a
dependency (quality factor) of 0.99 (a) and 0.98 (b, g).

Table 1. Theoretical and Experimental Conformational Data for 1ax and 2ax

HA HB HC

F [8] (Model) 60 180 60
3J(P,H) [Hz] (Karplus) 1 25 1

1ax : C-1 F [8] (X-Ray) 71 173 65
3J(P,H) [Hz] (NMR) 1.1 25.1 0

2ax : C-1 F [8] (X-Ray) 62 180 68
3J(P,H) [Hz] (NMR) 1.5 25.4 0
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such as boat or twist-boats, i.e., B, TB-1, and TB-25) (Table 2)8). To interpret the cou-
pling patterns (Fig. 3), the torsion angles (F)1)9) of the decisive conformations10)11)
were approximately determined with the aid of Dreiding molecular models and the the-
oretical 3J(P,H) calculated from Eqn. 1 (Table 2).

However, the experimental coupling data do not fit any of the depicted conformers
(Table 3) and, particularly, B and TB-1 can be excluded (3J(P,HC)�0). Obviously,
3J(P,HA) and 3J(P,HB) are averaged, and it was assumed that TB-2 and C-1 are coexist-
ing in an equilibrium mixture12) (Table 3). This hypothesis was corroborated by varia-
ble-temperature NMR experiments that resulted in decreasing 3J(P,HB), whereas
3J(P,HA) increased upon lowering the temperature (Table 4). While 3J(P,HC)�0,
3J(P,HB) is a good measure for the relative proportions of C-1 (PChair) and TB-2 (PTB)
in the trans-2,4-dioxa-3-phosphadecalin series, the fractions can be calculated according

Fig. 4. The modified Karplus Equation, fitted according to the X-ray and NMR data for the double-
chair conformation

8) Because the two-dimensional projections do not reflect the correct geometry, molecular models are
essential to follow the reasoning.

9) Although the Dreiding molecular models represent the geometry of the chemical bonds almost per-
fectly, some discrepancies exist between the torsion angles taken from the crystal-structure data and
those derived from the molecular models. This is due to the fact that the covalent radii are not con-
sidered truly, in particular the dsp3-hybridized P-atom is not tetrahedral (see also Footnote 1). How-
ever, for the attempted qualitative examinations (i.e., assignment or exclusion of conformations
based on NMR data), the accuracy is adequate.

10) According to the crystal structures (see Sect. 4) and because of the lack of anomeric preferences, the
piperidine moiety is assumed to adopt a chair conformation in solution with theN-benzyl group in an
equatorial position.

11) The energetically unfavored half-chair conformations were not considered.
12) Since the spectra are well resolved and coalescence phenomena were not observed, the interconver-

sion C-1ÐTB-2 must be fast on the NMR time scale.
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Table 2. Conformational Data for the 2,4-Dioxa-3-phospha Moiety in 1eq and 2eq as Determined by
Dreiding Molecular Models (F) and Calculations from Eqn. 1 (3J(P,H)). As the piperidine ring does not
influence the qualitative considerations, the values are identical in the trans-(depicted) and in the cis-

series. C-2 is the only additional conformation in the cis-series.

F [8] (Model) 3J(P,H) [Hz] (Karplus)

Table 3. Conformations of 1eq in Solution

HA HB HC
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to Eqns. 2 and 3 [10] [13]13). The results14) clearly indicate that by lowering the temper-
ature, 1eq tends to adopt the thermodynamically significantly stabilized TB-2 confor-
mation (Table 4)15), i.e., at sufficiently low temperatures, TB-2 will freeze out.

PC+PTB (2)

3J(P,HB)obs=
3J(P,HB)C ·PC+

3J(P,HB)TB ·PTB (3)

3.2.3. Conformations of the cis-Equatorial Epimer 2eq. The flexibility of the cis-dec-
alin system and the P(3)-equatorial substituent render the situation significantly more
complex, and additional conformations must be envisaged. In particular, the bicyclic
system can undergo complete ring inversion to yield the prominent C-2 arrangement
(Table 2), which seems favored by the anomeric effect, the only drawback being the
steric effect of the N-benzyl group. With regard to the decisive experimental
3J(P,HA)� 3J(P,HB)� 3J(P,HC)�10 Hz (Fig. 3, Table 5), none of the conformations
depicted in Table 2 can be excluded16), nor can any be assigned. Hence, we assume
that 2eq exists in solution as a complex mixture of C-1/C-2, and/or TB-1/TB-2, and
probably also B or envelope E5) have to be considered.

Table 4. Low-Temperature 1H-NMR Experiments with 1eq

T [K] (solvent) 3J(P,H)obs [Hz] PC-1 [%] PTB-2 [%] Keq DG [kJ/mol]

HA HB HC

300 (CDCl3) 14 9.2 0 24 76 3.2 �2.9
293 (CD2Cl2) 14.7 8.3 0 20 80 4 �3.4
213 (CD2Cl2) 16.9 5.2 0 5 95 19 �5.2

13) The equations have also been applied to related molecules exhibiting 3J(P,HC)¼6 0, a fact that leads to
errors [13]. As shown in Table 2, 3J(P,HB) is not suitable for a differentiation between C-1 and TB-1.
In [12], no differentiation was made between the two possible twist-boat conformations (TB-1 and
TB-2), and it was anticipated that certain compounds exist as 100% twist-boat with 3J(P,HB)�11.5
Hz. Taking into account all three 3J(P,H), as tabulated in [13], this statement can be disproved.

14) The base values are 3J(P,HB)C=25.1 Hz (1ax, Table 1) and 3J(P,HB)TB�4.2 Hz (1eq, Table 3).
15) Note that the accuracy of the calculations is only controlled by the quality of the correspondence of

the torsion angles in the crystal structure with those in solution; it does not depend on the approx-
imate considerations based on the model conformations.

16) The most striking argument for the exclusion of a prominent conformation is that none of the
3J(P,H)�0.

Table 5. Experimental Data and Possible Conformations of 2eq in Solution

HA HB HC

C-1, C-2, TB-1, TB-2, E F [8] (X-Ray: E) 88 157 94
3J(P,H) [Hz] (Karplus) 1.5 22.4 2.5
3J(P,H) [Hz] (NMR) 14.5 10.4 14.5
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3.2.4. Computation of the Conformational Energies of the P(3)-Equatorially Substi-
tuted Phosphadecalins 1eq and 2eq. To characterize the conformational equilibrium
mixtures further, the relative free enthalpies of the significant conformations of 1eq
and 2eq at 298 K in the gas-phase were computed. Based on the default model confor-
mations (Table 2), an energy minimization was performed according to the DFT theory
[14] [15] (Table 6)17). The calculations showed that a default conformation was either
proximate to an (intermediate) energy minimum, or it dropped into the energy mini-
mum of another conformation exhibiting the respective characteristic torsion angles
(F(P,H)).

To validate the calculated and the experimental data, the conformational energies
of the P(3)-equatorially substituted trans-decalin 1eq were determined, too (Table 6).
Only two stable conformations resulted: C-1 with the F-substituent in an equatorial
and TB-2 with the F-substituent in a pseudoaxial orientation. However, the calculated
TB-2 conformation was rather flattened (F(P,HA)=1508, F(P,HB)=958,
F(P,HC)=748) and not as distinct as expected. The experimental finding that neither
TB-1 nor B represent stable conformations is corroborated by the calculation and,
moreover, the E conformation could be ruled out definitively. The relative energies
were not quite accurate, probably due to the influence of the solvent: it is known
that the relative proportions of the TB conformations (more polar) of related bicyclic
systems increase with increasing polarity of the solvent [13], and it is plausible that the
environment CDCl3 is more polar than in the gas phase (no solvent).

According to the computations, four of the six default conformations are populated
in the more flexible cis-compound 2eq (Table 6). As for 1eq, TB-1 and B can be
excluded. However, the remaining ones did not converge to TB-2, although it looks
quite favored in the cis-series (F(P,HA)=1768, F(P,HB)=598, F(P,HC)=468), but to
an E conformation. In addition, C-2 with the F-substituent in the stereoelectronically
favored axial position represents a stable conformation, but its proportion is difficult
to estimate. In particular, the influence of the N-substituent that is assumed to be
more pronounced with an N-benzyl group than with the N-methyl group used for the
calculations17) is inexplicit. Again, the relative energies do not exactly match the real
values in solution, but the mixture of conformations adopted by 2eq at room temper-
ature can be restricted to C-1, C-2, TB-2, andE. Remarkably, both the TB-1 andB con-
formations turned out to be unstable. It can be assumed that B is not populated in 1eq

17) To save CPU time, the N-methyl analogues of 1eq and 2eq were examined instead of the N-benzyl
derivatives. The results show that this simplification is a good approximation.

Table 6. Calculated DG of the Conformations of the N-Methyl Analogues of 1eq and 2eq in the Gas Phase
at 298 K

C-1 C-2 B TB-1 TB-2 E

1eq DG [kJ/mol] 0.1 – ! TB-2 ! TB-2 0 ! TB-2
2eq DG [kJ/mol] 3.5 11.0 ! E ! E 5.1 6.0
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or in 2eq for steric reasons, but it remains unclear as to whyTB-1 is excluded, too. Prob-
ably the reasons are purely electronic, rather than steric.

4. Conformations in the Solid State; the X-Ray Analyses. – As expected and briefly
anticipated in the sections above, both P(3)-axially substituted epimers 1ax and 2ax
exclusively adopt the sterically and stereoelectronically favored double-chair confor-
mation C-1 (Figs. 5 and 7). In contrast, the P(3)-equatorially substituted compounds
1eq and 2eq exhibited significant conformational variations, and the conclusions
based on the experimental data in solution were fully corroborated. In particular, the
trans-decalin type 1eq exists as a neat TB-2 (Fig. 6), whereas the cis-isomer 2eq adopts
the unusual E conformation that is typical for pentacyclic compounds: C(1) to C(5) of
the 2,4-dioxa-3-phospha moiety are located in a plane with C(6) forming the tip of the
envelope (Fig. 8). The crystallographic data for 1ax, 1eq, 2ax, and 2eq are summarized
in Table 7 and the representative torsion angles and bond lengths in Tables 8 and 9 (see
Exper. Part).

5. Remarks. – This report constitutes the first direct evidence of the anomeric effect
in the cis- and trans-2,4-dioxa-3-phosphabicyclo[4.4.0]decane 3-oxide series. It is based
on independent comparisons of the conformations in both solution and the solid state

Fig. 5. The molecular structure of 1ax. Systematic atom numbering; 50% probability ellipsoids.

Fig. 6. The molecular structure of 1eq. Systematic atom numbering; 50% probability ellipsoids.
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by molecular-model considerations, NMR experiments, and computational and crystal-
lographic data. Except for the crystal-structure analyses, the applied methods are not
highly refined, nevertheless, they furnished reliable data, and the accuracy of the simple
approaches is remarkable15). In particular, the correlation between the low-tempera-
ture 1H-NMR experiments on 1eq and the frozen-out twist-boat structure of the crys-
tal-structure analysis has to be highlighted, as well as the computed convergency of the
mixture of conformers of 2eq to the unexpected, unusual envelope-type as found in the
solid state.

The key parameters associated with the anomeric effect are the interatomic distan-
ces between the anomeric centre and the heteroatoms. Based on general theoretical
considerations [3], an axial P�F bond is expected to be longer than an equatorial
one. This was verified in our axial epimers, where the anomeric stabilization is fully
operative: 1.548(1) (1ax), 1.528(3) (1eq), 1.558(1) (2ax), and 1.547(1) Å (2eq) (see
Table 9, Exper. Part). In addition, the IR stretching frequency of an axial P=O group
(~n(P=O)) was found to be ca. 20– 30 cm�1 lower with respect to an equatorial one
[9] [13] due to the elongated P=O bond of the former. This holds for our compounds
too, as shown by the respective ~n(P=O): 1335 (1ax), 1292 (1eq), 1325 (2ax), and 1299
cm�1 (2eq) [1].

The n ! s* electron-donating influence of the heteroatoms X in the general
arrangement X�Y�X is well understood when Y=C. Although the orbital situation
is more complex when Y=P, the same arguments have been adopted unchanged [3].

Fig. 7. The molecular structure of 2ax. Systematic atom numbering; 50% probability ellipsoids.
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However, it is highly probable that the presence of multiple lone-electron pairs and
antibonding orbitals around the P-atom (d-orbitals) leads to additional contributions
to the anomeric effect. Hence, it is a rather complex balance between stereoelectronic
effects involving both the ester P�O and the P=O O-atom. Recently, this question
became significant in the discussion of the conformational properties of the N3’-phos-
phoramidate backbone in DNA [16].

In the current literature, only a few crystal structures of related P(3)-substituted
decalin-type organophosphates have been reported: axial trans-3-phenoxy-2,4-dioxa-
3-phosphabicyclo[4.4.0]decane 3-oxide [17], axial trans-3-(2,4-dinitrophenoxy)-2,4-
dioxa-3-phosphabicyclo[4.4.0]decane 3-oxide [11] and equatorial trans-3-(4-methoxy-
phenoxy)-2,4-dioxa-3-phosphabicyclo[4.4.0]decane 3-oxide [11]. In connection with
research on cyclophosphamide type anticancer drugs, a crystal structure of the equato-
rial trans-N,N-bis(2-chloroethyl)-2-oxa-4-aza-3-phosphabicyclo[4.4.0]decan-3-amine 3-
oxide [18] and a comprehensive conformational study of 3-substituted cis- and trans-4-
oxa-2-aza-3-bicyclo[4.4.0]decanes has been published [19]. Remarkably, all of the
reported compounds adopt the double-chair conformation in the crystal, even the
P(3)-equatorially substituted congeners18). This can be explained by the fact that the

Fig. 8. The molecular structure of 2eq. Systematic atom numbering; 50% probability ellipsoids.

18) According to 1H-NMR, the P(3)-equatorial trans-3-(4-methoxyphenoxy)-2,4-dioxa-3-phosphadeca-
lin exists as a mixture of chair and twist-boat conformations (ca. 1 : 1 in CDCl3) [11], and partially
skewed conformations were assigned to a few phosphoramidates in solution [19].
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substituents are electron donors, and the anomeric effect is not a determining factor.
Apart from the results presented in this report, no X-ray crystallographic analyses
exist of related bicyclic compounds with electron withdrawing equatorial substituents
at P(3) nor have twist-boat and envelope conformations ever been completely descri-
bed19).

The authors are indebted to the Swiss National Foundation for financial support, to Dr. Dimitri N.
Laikov who kindly made his DFT software Priroda available to us, and to Dr. Markus Furegati for the
calculations of the energies of conformations.

Experimental Part

1. General. See [1]. For the syntheses of the phosphadecalins, see [1]. 1H-, 19F-, and 31P-NMR:
Bruker-DRX-600 (600.0, 242.9, 564.5 MHz, resp.) spectrometers; chemical shifts d in ppm, with Me4ACHTUNGTRENNUNGSi
as internal or CFCl3 and H3PO4 (85% in D2ACHTUNGTRENNUNGO) as external standards (=0.00 ppm).

2. Computations. They are based on a modified DFT (density functional theory) procedure enabling
a fast and sufficiently accurate evaluation of both Coulomb and exchange-correlation terms by using the
expansion of molecular electron density in auxiliary basis sets. The approach is ca. an order of magnitude
faster than the usual methods in which only Coulomb terms are treated by using the approximate density.
Auxiliary basis sets of moderate size are sufficient to achieve good accuracy of molecular properties such
as geometries and energies [14].

3. X-Ray Crystal-Structure Determinations of 1ax, 1eq, 2ax, and 2eq20). All measurements were con-
ducted at low-temperature on a Rigaku-AFC5R diffractometer with graphite-monochromated MoKa
radiation (l 0.71069 Å) and a 12 kW rotating anode generator. The data collection and refinement
parameters are compiled in Table 7, selected torsion angles in Table 8, and representative interatomic dis-
tances in Table 9. Views of the molecules are shown in Figs. 5–8. The intensities were collected by using
w/2q scans. Three standard reflections, which were measured after every 150 reflections, remained stable
throughout each data collection. The intensities were corrected for Lorentz and polarization effects, and
for 2eq, an empirical absorption correction, based on azimuthal scans of several reflections [25], was also
applied. Each structure was solved by direct methods with either SHELXS97 [26] or SIR92 [27]. The
non-H-atoms were refined anisotropically. The H-atoms for 1eq were fixed in geometrically calculated

19) For the sake of completeness, it has to be mentioned that several X-ray crystallographic analyses of
similar bicyclic phosphonates exist, e.g.: cis-equatorial and trans-axial 2-benzyl-3-phenyl-2-aza-4-
oxa-3-phosphabicyclo[4.4.0]decane 3-oxides [20], trans-equatorial and trans-axial 4-benzyl-3-ethyl-
5,5-dimethyl-4-aza-2-oxa-3-phosphabicyclo[4.4.0]decane 3-oxides, trans-equatorial 3,4-dibenzyl-
5,5-dimethyl-4-aza-2-oxa-3-phosphabicyclo[4.4.0]decane 3-oxide, and trans-axial 4-[(S)-1,2-
diphenylACHTUNGTRENNUNGethyl]-3-ethyl-5,5-dimethyl-4-aza-2-oxa-3-phosphabicyclo[4.4.0]decane 3-oxide [21]. The
P(3)-equatorially 3-ethyl- or 3-phenyl-substituted compounds adopt flattened [20] or slightly dis-
torted chair conformations [21], and the 3-benzyl-substituted compound exists as a flattened half-
chair [21]. In all of these compounds, the steric effects of the bulky substituents are decisive, whereas
stereoelectronic effects are not operative. The same holds for the unusual boat conformation in a six-
membered phosphonate (cis-1-(tert-butyl)-2,6-dioxa-1-phosphacyclohexane 1-oxide [22]) and the
twist-boat evidenced in a related phosphoramidate (cis-N,N-dimethyl-2-aza-6-oxa-1-phosphacyclo-
hexan-1-amine 1-oxide [23]). Probably the best example of dominating stereoelectronic effects in
related systems is trans-1-methoxy-4-(tert-butyl)-2,6-dioxa-1-phosphacyclohexane 1-oxide [24].
This compound exists in the chair conformation with an unexpected diaxial alignment of both the
1-methoxy and the 4-(tert-butyl) substituent.

20) CCDC-261785–CCDC-261788 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallographic Data Centre, via
www.ccdc.cam.ac.uk/data_request/cif.

Helvetica Chimica Acta – Vol. 89 (2006) 1363



positions (d(C�H)=0.95 Å), and they were assigned fixed isotropic displacement parameters with a
value equal to 1.2Ueq of the parent C-atom. For all other compounds, the H-atoms were located in differ-
ence electron density maps, and their positions were allowed to refine together with individual isotropic
displacement parameters. Corrections for secondary extinction were applied. The refinement of each
structure was carried out on F by using full-matrix least-squares procedures which minimized the func-

Table 7. Crystallographic Data for Compounds 1ax, 1eq, 2ax, and 2eq

1ax 1eq 2ax 2eq

Crystallized from Et2ACHTUNGTRENNUNGO/hexane CHCl3 Et2 ACHTUNGTRENNUNGO/hexane Et2 ACHTUNGTRENNUNGO/hexane
Empirical formula C13ACHTUNGTRENNUNGH17 ACHTUNGTRENNUNGFNO3 ACHTUNGTRENNUNGP C13ACHTUNGTRENNUNGH17ACHTUNGTRENNUNGFNO3 ACHTUNGTRENNUNGP C13ACHTUNGTRENNUNGH17ACHTUNGTRENNUNGFNO3 ACHTUNGTRENNUNGP C13 ACHTUNGTRENNUNGH17ACHTUNGTRENNUNGFNO3 ACHTUNGTRENNUNGP
Mr 285.25 285.25 285.25 285.25
Crystal color, habit colorless, prism colorless, plate colorless, prism colorless, plate
Crystal dimensions [mm] 0.45×0.45×0.48 0.17×0.45×0.48 0.20×0.30×0.40 0.12×0.45×0.50
Temperature [K] 173(1) 173(1) 173(1) 173(1)
Crystal system monoclinic monoclinic orthorhombic monoclinic
Space group P21/c P21/c Pca21 P21/c
Z 4 4 4 4
Reflections for cell determination 25 25 24 25
2q range for cell determination [8] 38–40 37–40 37 –40 39 –40
Unit cell parameters:
a [Å] 7.458(2) 12.526(5) 13.276(2) 11.716(2)
b [Å] 17.175(2) 9.485(5) 6.546(2) 7.596(2)
c [Å] 10.802(2) 13.180(3) 15.791(1) 15.493(3)
b [8] 94.40(1) 116.72(2) 90 93.94(1)
V [Å3] 1379.7(4) 1398.6(9) 1372.4(4) 1375.7(4)

Dx [g cm�3] 1.373 1.355 1.381 1.377
m(MoKa) [mm�1] 0.214 0.211 0.215 0.215
2q(max) [8] 60 55 60 55
Total reflections measured 4431 3564 5322 3552
Symmetry-independent reflections 4015 3216 4004 3150
Reflections used (I>2s (I)) 3142 2007 3241 2283
Parameters refined 241 173 240 241
Final R(F) 0.0423 0.0727 0.0359 0.0414

wR(F) 0.0425 0.0642 0.0296 0.0370
Goodness-of-fit 2.255 3.111 1.488 1.834
Secondary extinction coefficient 9(1) · 10�7 5(1) · 10�7 4.3(6) ·10�7 5.4(9) ·10�7

Final Dmax /s 0.0003 0.0001 0.0003 0.0004
D1 (max; min) [e Å�3] 0.33; �0.38 0.39; �0.33 0.24; �0.34 0.28; �0.40
s(dC�C) [Å] 0.002–0.003 0.005–0.008 0.003 0.003–0.005
P�F [Å] 1.548(1) 1.528(3) 1.558(1) 1.547(1)
P=O [Å] 1.445(1) 1.451(2) 1.450(1) 1.453(2)

Table 8. Representative Torsion Angles F(P,H) [8]a)

1ax 1eq 2ax 2eq

P(3)�O(2)�C(1)�H(C) 65(9) 81 68(1) 94(1)
P(3)�O(4)�C(5)�H(B) 173(1) 102 �180(1) 157(1)
P(3)�O(4)�C(5)�H(A) �71(1) �139 �62(1) �88(1)

a) H(A)=H(52), H(B)=H(51), H(C)=H(1), cf. Table 2 and Figs. 5–8.
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tion Sw(|Fo|� |Fc|)
2, wherew= [s2(Fo)+ (0.005Fo)

2]�1. For 2ax the space group is noncentrosymmetric, but
requires that the compound in the crystal is racemic. The absolute structure was confirmed by refinement
of the absolute-structure parameter [28] [29], which yielded a value of �0.13(6). Neutral-atom scattering
factors for non-H-atoms were taken from [30], and the scattering factors for H-atoms were taken from
[31]. Anomalous dispersion effects were included in Fcalc [32]; the values for f’ and f’’ were those of [33].
The values of the mass-attenuation coefficients were taken from [34]. All calculations were performed by
using the teXsan crystallographic-software package [35], and the crystallographic diagrams were drawn
using ORTEPII [36].
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