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The chiral cyclic triphosphazenes (R)-(–)-[N3P3(O2C20H12)-
(O2C12H8)Cl2] (I) and (R,R)-(–) [N3P3(O2C20H12)2(O2C12H8)]
(II), prepared by sequential substitution of [N3P3Cl6] using
(R)-2,2�-dihydroxy-1,1�-binaphthyl, 2,2�-dihydroxy-1,1�-bi-
phenyl and Cs2CO3 in acetone, have been investigated by
single-crystal X-ray diffraction, variable-temperature NMR
spectroscopy in solution and MM calculations under periodic
boundary conditions in the gas state. In both compounds only
the diastereomer corresponding to the (R)-biphenoxy config-
uration is present in the solid state. In spite of the existence
of quite large voids potentially occupied by solvents, the con-
figuration adopted by the biphenoxy substituents is solely
determined by packing interactions consisting of definite
preferential supramolecular interactions between a biphen-
oxy group of one molecule and the chiral pocket created be-
tween the biphenoxy and binaphthoxy groups of another mo-

Introduction

Phosphazenes are compounds based on skeletal consecu-
tive –N=PR2– bonds forming either cyclic molecules or lin-
ear high Mw polymers. The latter are very important mate-
rials with interest in fundamental and applied chemistry.[1]

Cyclic phosphazenes [NPR2]n (n = 3–8) have always been
considered as useful models to approach the structure and
chemistry of high Mw polymers[2] and the bonding of the
–NPR2– rings has been repeatedly revisited.[3] A recent to-
pological analysis of the chemical bond in molecules of
[PnNnX2n] (X = H, F, Cl; n = 2, 3, 4) has shown that the
formation of non-covalent intermolecular P···N interac-
tions along the symmetry axis helps the participation of
cyclophosphazenes in self-assembling supramolecular ag-
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lecule. A network of T-shaped non-covalent interactions en-
sures an efficient chiral discrimination. The in silico simula-
tions confirmed this hypothesis. Both the concentration-de-
pendence and temperature-variable 1H NMR spectra in solu-
tion confirmed this behaviour showing that on lowering the
temperature one of the two diasteroisomers vanished after
conversion into the more stable atropisomer as a conse-
quence of chiral induction of the (R)-binaphthyl system on
the (R)-biphenyl configuration. In further agreement with the
X-ray structure as well as with the energy distribution re-
sulting from the in silico calculations, the 1H NMR spectra
show the dependence of the chemical shift on concentration,
which suggests the presence of aggregates in solution.
Therefore molecules I and II are capable of a special type of
self-organization by chiral recognition based on the ad hoc
generation of chiral pockets.

gregates.[4] Since the early review[5] of Allcock in 1972, nu-
merous cyclophosphazenes with a great variety of struc-
tures and substituents have been synthesized, frequently
with the purpose of designing special multi-dentate ligands
to form complexes with transition metals.[6]

A special type of cyclophosphazenes are the spirocyclic
phosphazenes,[7] that is, compounds in which the endocyclic
phosphazene phosphorus atoms are part of another ring,
frequently consisting of dioxyaryl or dioxybiaryl moieties.
Recently, various cyclotetraphosphazenes with 2,2�-dioxybi-
phenyl substituents have been characterized by X-ray dif-
fraction to show the importance of π–π and π–H interac-
tions in their crystals.[8] Spirocyclic phosphazenes are of
particular interest because of their ability to act as host mo-
lecules,[9] as well as to induce inclusion polymerization.[10]

Recent calculations on tris(o-phenylenedioxy)cyclotriphos-
phazene and related cycles have shown that the electron-
donating capacity of the entire molecule is very dependent
on that of the side-group[11] and that good electron-donat-
ing capacity and the paddle wheel molecular shape make
them good candidates for organic superconductors.[12]

In previous work we described the X-ray crystal
structure of the spiro(2,2�-dioxybiphenyl)tetrachlorocyclo-
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Scheme 1. Compound [N3P3Cl4(O2C12H8)] and the configuration of (R,R,R)-(–)-[N3P3(O2C20H12)3] (left) and (S,S,S)-(+)-
[N3P3(O2C20H12)3] (right).

triphosphazene [N3P3Cl4(O2C12H8)] (Scheme 1). It was
shown that, as found in the corresponding bis- N3P3Cl2-
(O2C12H8)2] and tris [N3P3(O2C12H8)3] derivatives, the
packing is controlled by weak π interactions. These are par-
ticularly effective between two molecules with the same ab-
solute configuration, that is, R or S, whereas they are negli-
gible between those with opposite configurations, produc-
ing a chiral discrimination in the solid state.[13] The 2,2�-
dioxybiphenylphosphazene unit [NP(O2C12H8)] may adopt
either the R or S configurations, giving rise to stereoisomers
that rapidly interconvert in solution.[14] In contrast, the in-
terconversion energy barrier is much larger for the 2,2�-di-
oxybinaphthyl analogues. As a consequence, the optically
active pure atropisomers of the tris derivative, (R,R,R)-(–)-
[N3P3(O2C20H12)3] and (S,S,S)-(+)-[N3P3(O2C20H12)3],
could be isolated[15] (Scheme 1).

In the solid state, because of the weak packing interac-
tions caused by steric hindrance, the crystals of these com-

Scheme 2. Reagents and conditions: i) and ii) (R)-binaphthol (1:1 at room temp. or 1:2 at reflux) and Cs2CO3 in acetone.
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pounds tend to be very easily fragmented, forming amorph-
ous or semi-crystalline batches with crystals that are too
small to be accurately analysed by X-ray diffraction. How-
ever, a combination of theoretical (molecular dynamics)
and experimental (X-ray diffraction and NMR) techniques
provided a viable tool for determining the molecular and
crystal structures of various systems, which would other-
wise be inaccessible by a single technique.[13,14,16,17] In par-
ticular, the structure and molecular assembly of the solid
(S,S,S)-(+)-[N3P3(O2C20H12)3] could be resolved by a com-
bination of molecular dynamics (MD) and large-angle X-
ray scattering (LAXS) measurements in the energy-disper-
sive X-ray diffraction (EDXD) mode of scanning.[17]

Whereas in another work,[16h] structural data and molecular
assembly of the amorphous isotactic polymeric counterpart
(R)-poly(2,2�-dioxy-1,1�-binaphthyl)phosphazene were at-
tained through accurate MD refinement of the radial distri-
bution function (RDF) curve performed by standard MD
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simulations implemented with an added biasing potential
to reproduce the experimental curve of the static structure
function (SF) i(q).

On the basis that the interactions between binaphthoxy
groups with fixed absolute configurations and the atropiso-
merizable biphenoxy groups could lead to stereochemical
discrimination in solution or in the solid state, we consid-
ered the synthesis of novel cyclic phoshazenes with both
types of dioxybiaryls in the same molecule of interest. In
this paper we report that the new chiral triphosphazenes
(R)-(–)-[N3P3(O2C20H12)(O2C12H8)Cl2] (I) and (R,R)-(–)-
[N3P3(O2C20H12)2(O2C12H8)] (II; Scheme 2), easily pre-
pared from [N3P3Cl6] via [N3P3(O2C12H8)Cl4] by using the
Cs2CO3/acetone method,[18] form an interesting self-or-
ganizing system in which chiral recognition is guided by the
creation of chiral pockets originating between a biphenoxy
group on one molecule and the biphenoxy and binaphthoxy
groups of another molecule. This is supported by X-ray
crystal structure determination, variable-temperature and
-concentration 1H NMR analyses in solution and MM cal-
culations with the formerly developed and validated force
field (FF).[16d,16e] Therefore the self-assembly of I and II is
an example of supramolecular synthesis[19] based on chiral
recognition.

Results and Discussion

Compound I crystallized in a very inefficient way as a
consequence of its efforts to minimize the interactions be-
tween the chlorine atoms present in the molecule (Figure 1).
No packing index[20] was calculated as a result of the disor-
der present in the structure. A CH2Cl2 molecule is present
in the crystal structure; its detection is justified by the fact
that it is one of the solvents used during the synthesis of the
compound. Two major symmetrical voids can host other
disordered solvent molecules. The total potential solvent
volume is 524.7 Å3, which represents 14.9% of the total cell
volume. Both voids have a volume of 262 Å3. This is com-
patible with the presence of four other non-resolved and
disordered CH2Cl2 molecules. The possible and alternative
presence of (eight) molecules of acetone, also used during
the synthesis, can be discarded as the IR spectrum showed
no signals at 1720 cm–1 corresponding to the CO group.
No further attempts were made to calculate and model the
unassigned electron density, not condensed into enough iso-
lated and sharp peaks as the already modelled CH2Cl2 mo-
lecule present in the structure is already disordered. Further
details are presented in the Supporting Information.

Unlike I, compound II has a good packing index[20]

(62.1 %; Figure 2). No solvent molecules were detected in
the crystal structure although there are potential solvent
accessible voids. The total potential solvent area is
557.4 Å3, which represents 12.5% of the total cell volume.
Two major areas, both with a volume of 132 Å3, were iden-
tified. This volume could be compatible with the presence
of two non-resolved and disordered CH2Cl2 molecules.
Once again the presence of acetone was ruled out by the
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Figure 1. Crystal packing of I viewed along the b axis. Hydrogen
atoms are shown as fixed-size spheres of an arbitrary radius of
0.30 Å and the ellipsoid probability level set to 50% for clarity. A
disordered dichloromethane molecule is present with a halved atom
occupancy factor.

IR spectrum. As for compound I, the potential presence
of disordered solvent was neither further investigated nor
modelled. Further details are presented in the Supporting
Information.

Figure 2. Crystal packing of II viewed along the b axis. Hydrogen
atoms are shown as fixed-size spheres of an arbitrary radius of
0.30 Å and the ellipsoid probability level set to 50% for clarity.

As the seven-membered ring conformation, that is, the
rings resulting from the connection of the phosphazenic
ring with the binaphthoxy or biphenoxy rings, is crucial for
the configuration of the naphthoxy or phenoxy moieties a
ring-puckering analysis, that is, Cremer and Pople (C&P)
analysis,[21a] was performed on both compounds to ensure
that the absolute configuration, the pivot atom and the cy-
clic sense agree in order to be able to perform a comparison
of the puckering for different rings.[21b] The ring-puckering
can be represented by a single amplitude-phase pair (q2 and
φ2) and a single puckering coordinate q3 in the case of six-
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Table 1. Ring-puckering coordinates for the Cremer and Pople analysis performed on the seven-membered rings in both I and II and the
resulting conformation.

Seven-membered ring Q [Å] q2 [Å] φ2 [°] q3 [Å] φ3 [°] Conformation

I P(2)–O(8)–C(11)–C(17)–C(26)–C(15)–O(9) 1.001(5) 0.998(5) 89.9(3) 0.083(6) 88(3) twisted boat
I P(3)–O(7)–C(21)–C(25)–C(32)–C(28)–O(10) 0.906(5) 0.898(5) 85.1(3) 0.125(6) 73(2) –
II P(1)–O(43)–C(44)–C(45)–C(46)–C(47)–O(48) 0.963(3) 0.961(3) 89.88(18) 0.072(3) 93(2) twisted boat
II P(3)–O(21)–C(22)–C(23)–C(24)–C(25)–O(26) 1.001(3) 0.996(3) 93.87(18) 0.097(3) 125.4(18) –
II P(5)–O(7)–C(8)–C(9)–C(10)–C(11)–O(12) 0.916(3) 0.910(3) 268.4(2) 0.107(4) 275.7(15) –

membered rings in which there are three puckering degrees
of freedom or by adding another parameter (φ3) for seven-
membered rings in which there is an additional degree of
freedom, that is, there are a couple of amplitude-phase
pairs. This enables the immediate quantification and com-
parison of the different examined rings. The same results
can be obtained by using spherical coordinates Q, θ and φ,
as also shown in the Supporting Information for six-mem-
bered rings. Therefore the total puckering amplitude can be
defined by Equation (1).[21a] As reported in Table 1, the
most common conformation[21c] is a twisted boat (TB).

(1)

In the analysis of I the solvent molecules were omitted
to allow the software to analyse rings with the number of
atoms greater than 6.[21d,21e] Once more, C&P analysis re-
vealed close similarities between I and II. All the other de-
tails of the C&P analysis are described in the Supporting
Information.

Although in I and II there is no evidence of hydrogen
bonding nor of possible π-stacking interactions between
aromatic rings, a complex network of T-shaped non-coval-
ent aromatic interactions (T interaction) could be detected
(see Figures 3 and 4).

Figure 3. Molecular assembly of I. The chiral recognition between
molecules due to a T-shaped interaction is denoted by a dotted
line.

A detailed description of the resulting network is pro-
vided in the Supporting Information. Recently,[22a–22e] theo-
retical calculations revealed the T interactions in small aro-
matic rings to have a binding energy very similar to those
of π-stacking non-covalent interactions.

The above-mentioned interactions are clearly possible in
both I and II between conformers having the found config-
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Figure 4. Molecular assembly of I. The chiral recognition between
molecules due to a T-shaped interaction is denoted by a dotted
line.

uration (all R or all S) only. There is therefore evidence of
a chiral interaction between different fragments in the solid
state.

MM calculations were performed on I by analysing the
system as a single molecule, as dimers as well as under per-
iodic boundary conditions (PBC). Although the calculation
of the single molecule is generally considered a starting
point, we first performed calculations under PBC to con-
firm the good quality of the force field (FF), which has
already proven to be in good agreement with the experi-
mental results for similar phosphazenic com-
pounds,[14,16d,16e,17] and its ability to reproduce the picture
already described by X-ray diffraction analysis. This was
achieved by fixing the cell parameters using the experimen-
tal conformation A, that is, R,R (A1) or S,S (A2), and com-
paring the results with the a hypothetical inverse conforma-
tion B, that is, R,S (B1) or S,R (B2). As shown in Table 2,
a comparison between the total energy values of conforma-
tions A and B shows, as expected, that A is more stable
than B, which confirms the ability of the FF to describe a
picture close to the experimental one.

The results of the calculations performed allowing the
unit cell to fully relax (Table 3), to allow B to fit comforta-
bly into it, show that even in this case A is more stable than
B.

The cell parameters resulting from this calculation match
very well those determined by X-ray diffraction analysis for
A, whereas for B they are slightly different in terms of both
cell lengths and angles, as shown in Table 4.

Having checked the reliability of the FF we compared
A1 and B1. The stand-alone energies of the two different
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Table 2. Energy of I with fixed cell parameters in the crystal phase
in the R,R (A1), S,S (A2), R,S (B1) or S,R (B2) conformation.

Energy [kcalmol–1]

A1 or A2 B1 or B2

Total energy – 470.552 –436.235
Bonds 20.506 20.237
Angles 70.597 75.008
Torsions 251.132 259.088
Inversions 0.534 0.791
Urey–Bradley 23.689 23.670
van der Waals –54.012 –39.218
Electrostatic –782.997 –775.812

Table 3. Energy of fully relaxed I in the crystal phase in the R,R
(A1), S,S (A2), R,S (B1) or S,R (B2) conformation.

Energy [kcalmol–1]

A1 or A2 B1 or B2

Total energy –471.987 –448.857
Bonds 20.189 20.351
Angles 70.578 72.427
Torsions 251.426 257.273
Inversions 0.516 0.621
Urey–Bradley 23.181 25.824
van der Waals –55.498 –50.501
Electrostatic –782.379 –774.850

Table 4. Crystal cell parameters of fully relaxed I in the R,R (A1),
S,S (A2), R,S (B1) or S,R (B2) conformation compared with the
experimental (single-crystal X-ray diffraction) values.

X-ray A1 or A2 B1 or B2

a [Å] 26. 0158(9) 26.117943 24.698344
b [Å] 7.2275(2) 7.112827 7.740241
c [Å] 18.8203(5) 19.081911 18.44131
α [°] 90 90.4292 88.65884
β [°] 96.336(3) 97.27712 95.69473
γ [°] 90 89.58529 92.42162

conformers are very similar, as shown in Table 5, which sug-
gests that any considerable difference resulting from the in-
teraction between the units should not be ascribed to the
difference in energy between the molecules themselves.

The analysis of the dimers of A or B once again indicated
a systematically lower energy for A compared with B. Most
of this balance is due to the weaker van der Waals interac-

Table 5. Gas-phase energy of the fully relaxed monomers and dimers of A and B and the relative energy differences between monomers
and dimers.

Energy [kcalmol–1]

Monomer A Monomer B ∆E[a] monomer Dimer A Dimer B ∆E[a] dimer

Total energy –71.695 –71.414 0.281 –79.444 –77.835 1.609
Bonds 5.043 4.953 –0.090 5.191 5.383 0.192
Angles 17.335 17.121 –0.214 17.923 18.408 0.485
Torsions 63.185 64.003 0.818 62.369 61.600 –0.769
Inversions 0.100 0.099 –0.001 0.131 0.129 –0.002
Urey–Bradley 5.909 5.500 –0.409 6.545 6.411 –0.134
van der Waals 30.114 30.075 –0.039 21.813 23.680 1.866
Electrostatic –193.382 –193.165 0.217 –193.416 –193.446 –0.03

[a] ∆E = EB – EA.
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tions present in B, as evident from Table 5. The lower over-
all energy (per monomer) of the dimeric system as com-
pared with the monomeric one confirms that the former is
more stable so explaining the tendency of the system to
pack in couples of dimers, as inferred by the X-ray solid-
state analysis.

Passing to II, the calculations were performed consider-
ing only, as for I, the two possible configurations of the
biphenyl moieties, namely S (C; real and experimental one)
and R (D). There was no need to confirm once again the
validity of the FF and therefore the calculations were per-
formed by considering only the fully relaxed crystallo-
graphic cell. Although both C and D have cell parameters
very similar to the corresponding values in the real cell, as
confirmed by X-ray diffraction analysis, a closer look at
Table 6 shows that C differs less from the experimental val-
ues confirming that the FF describes quite well the experi-
mental situation.

Table 6. Crystal cell parameters of fully relaxed II with the biphenyl
group in the S (C) or R (D) conformation as compared with the
experimental (single-crystal X-ray diffraction) values.

X-ray C D

a [Å] 32. 9552(5) 33.1045 33.1515
b [Å] 5.59770(10) 5.75940 5.81396
c [Å] 28.2450(7) 28.3125 28.5919
α [°] 90 90.0144 89.9474
β [°] 120.9078(8) 120.898 119.677
γ [°] 90 89.9936 90.1123

A comparison of the energies of C and D reported in
Table 7 highlights the fact that C is systematically more
stable than D.

Table 7. Energy per molecule of fully relaxed II in the crystal phase
with the S (C) or R (D) conformation at the biphenyl group.

Energy [kcalmol–1]

C D

Total energy –59.086 – 55.783
Bonds 6.146 5.934
Angles 17.111 16.799
Torsions 109.398 110.121
Inversions 0.231 0.248
Urey–Bradley 7.546 7.483
van der Waals –3.187 0.429
Electrostatic –196.331 –196.795
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Table 8. Energy per molecule with the S (C) or R (D) conformation at the biphenyl group for monomers and dimers obtained by
approaching each others with the binaphthyls 3 or the biphenyls 4.

Energy [kcalmol–1]

Monomer C Monomer D ∆E[a] Monomer Dimer C3 Dimer D3 ∆E[a] Dimer Dimer C4 Dimer D4 ∆E[a] Dimer

Total energy –5.661 –5.905 –0.244 –7.655 –8.112 –0.457 –11.588 –10.087 1.501
Bonds 6.653 6.533 –0.120 6.574 6.548 –0.026 6.507 6.615 0.108
Angles 17.474 17.123 –0.351 17.418 17.265 –0153 17.278 17.474 0.196
Torsions 107.644 108.224 0.580 107.719 108.180 0.461 108.406 107.889 –0.517
Inversions 0.153 0.138 –0.015 0.156 0.141 –0.015 0.150 0.136 –0.014
Urey–Bradley 6.535 6.378 –0.157 6.596 6.356 –0.240 6.138 6.525 0.387
Van der Waals 52.072 52.521 0.449 50.203 50.375 0.172 46.627 48.204 1.577
Electrostatic –196.192 –196.822 –0.630 –196.321 –196.977 –0.656 –196.694 –196.930 –0.236

[a] ∆E = ED – EC.

Once again the greatest difference in energy can be attrib-
uted to the van der Waals interactions, which are slightly
more favourable in C than in D. An analysis of the stand-
alone molecules of C and D shows that both conformers
have almost the same energy. Passing to the dimers, we de-
cided to study two possible interactions in this system: the
first in which the two molecules are docked to grab each
other by the pockets formed between two binaphthyls 3 and
the second in which the two molecules dock to form pock-
ets through interactions with the binaphthyls and biphenyls
4. Both types of interactions are actually experienced in the
crystal unit cell. The first are clearly evident inside the cell,
whereas the second are present in the crystal between the
adjacent unit cells. Once again we need to compare C and
D taking into account in this case the two different ways
the dimers can interact between themselves, that is, 3 or 4.
As shown in Table 8, there are some important results that
can be highlighted: first of all, comparing the energy values,

Figure 5. Temperature-dependent 1H NMR spectra (500 MHz) of
I in CDCl3.
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it is evident that the dimers are systematically more stable
than the monomers, no matter what the configuration.

Furthermore, for the first time C is not as stable as D as
in the former cases when considering interaction type 3, but
it turns out once again to be more stable when considering
interactions of type 4. The interactions between dimers are
clearly more efficient in 4 than in 3, which suggests a prefer-
ential interaction by biphenyls; these biphenyls must be in
the C conformation, the experimental one, to interact prop-
erly.

Figure 6. 1H NMR spectra (500 MHz, 300 K, CDCl3) of I as a
function of concentration. (a) 4.4�10–6 ; (b) 1.5�10–5 ;
(c) 2.7�10–5 ; (d) 5�10–5 ; (e) 6.3�10–5 .
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As shown in the Supporting Information, the 1H NMR
spectra of I and II in solution reveal a pattern of severely
overlapping sets of signals in the aromatic region originated
by both 2,2�-dioxybinaphthyl and 2,2�-dioxybiphenyl
groups. Although the superposition of the signals makes a
careful observation of the biphenyloxy moiety difficult, the
binaphthyloxy system was easily observed as some signals
are well resolved. Binaphthyl protons give rise to a double
set of signals in both compounds, which indicates that, at
room temperature, two diastereoisomers are present as a
consequence of the atropisomerization of the biphenylic
system. The well-separated downfield signals of the binaph-
thyloxy groups allow the assumption that R and S configu-
rations of the stereolabile biphenyl group are equally popu-
lated. Moreover, the variable-temperature 1H NMR analy-
sis (300–213 K, CDCl3) reported in Figure 5 shows that, on
cooling, the spectrum of I becomes simpler both for the
binaphthyl and biphenyl sets of signals.

This can be interpreted to be a result of the disappear-
ance of one of the two diastereoisomers, which is converted
into the most stable atropisomer at low temperature. This
feature is in agreement with the chiral induction of the R
binaphthyl system on the R biphenyl configuration as al-

Figure 7. 1H NMR spectra (500 MHz, 300 K, CDCl3) of II as a
function of concentration. (a) 4.4 �10–6 ; (b) 1.5�10–5 ;
(c) 2.7�10–5 ; (d) 5�10–5 ; (e) 6.3�10–5 .
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ready observed in the solid state by X-ray analysis as well
as with the energy distribution resulting from the in silico
calculations. The same analysis was not performed on II as
the low solubility of this compound, magnified on lowering
the temperature, prevents the recording of the spectra. The
resulting analysis would not allow the appreciation of any
possible effect.

The ability demonstrated by I and II to form dimers in
the solid state, also confirmed by theoretical calculation, is
present even in solution. The analysis of the 1H NMR spec-
tra of I and II (room temperature, CDCl3) presented in Fig-
ures 6 and 7 shows the dependence of the chemical shift on
the concentration, which indicates that aggregates are pres-
ent in solution, although without any diastereoisomeric pre-
dominance.

Conclusions

The X-ray structures of the chiral cyclic triphosphazenes
(R)-(–)-[N3P3(O2C20H12)(O2C12H8)Cl2] (I) and (R,R)-(–)-
[N3P3(O2C20H12)2(O2C12H8)] (II) contain only the dia-
stereomer corresponding to the (R)-biphenoxy configura-
tion. The packing interactions are guided by definite prefer-
ential supramolecular interactions between a biphenoxy
group of one molecule and a chiral pocket created between
the biphenoxy and binaphthoxy groups of another mole-
cule. A network of T-shaped non-covalent interactions
makes the chiral discrimination more efficient. The in silico
simulations confirmed that the packing in the crystal is
achieved by the relative movements of the molecules, which,
seeking better matching, induce the formation of a chiral
pocket leading to chiral discrimination. The variable-tem-
perature 1H NMR spectra in solution at various concentra-
tions further supports this behaviour showing the gradual
fading of diastereoisomers that convert into the more stable
atropisomers as a consequence of the chiral induction of
the (R)-binaphthyl system on the (R)-biphenyl configura-
tion. Therefore, molecules I and II are capable of a special
type of self-organization by chiral recognition based on the
ad hoc generation of chiral pockets.

Experimental Section
General: Information on the instrumentation, figures showing in
detail the molecular packing as well as NMR spectra are reported
in the Supporting Information. All reactions were carried out un-
der dry N2. Cs2CO3 was dried at 140 °C prior to use. The acetone
was distilled twice from Na2SO4. The THF was treated with KOH
and distilled twice from Na in the presence of benzophenone.
[N3P3Cl6] (Strem), (R)-2,2�-dihydroxy-1,1�-binaphthyl [(+)-bi-
naphthol] with [α]D25 = +33° (c = 1, THF) (Merck) and 2,2�-di-
hydroxy-1,1�-biphenyl (Aldrich) were used as purchased.

(R)-(–)-[(N3P3O2C20H12)(O2C12H8)Cl2] (I): [N3P3(O2C12H8)Cl4]
(0.685 g, 1.49 mmol), (+)-binaphthol (0.417 g, 1.46 mmol), Cs2CO3

(1.453 g, 4.46 mmol) and acetone (22 mL) were stirred at room
temperature for 1 h under an inert atmosphere. Acetone was then
evaporated in a rotavapor under high vacuum. The remaining solid
was extracted with CH2Cl2 (2�50 mL) and filtered through Celite/
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activated carbon. The solution was concentrated and the product
was crystallized from CH2Cl2/hexane to give large needles; yield
0.538 g (53.7%). [α]D25 = –172.9°mLdm–1 g–1 (c = 10 mgmL–1,
CHCl3). IR (KBr): ν̃ = 3068.9 (w), 1590.5 (w), 1475.9 (w), 1465.3
(w), 1437.8 (w), 1277.5 (w), 1251.8 (m), 1228.6 (m), 1202.6 (s),
1181.4 (vs), 1095.6 (m), 1070.6 (w), 1001.7 (w), 970.4 (s), 949.5 (w),
922.3 (w), 904.2 (w), 887.0 (w), 854.5 (w), 844.9 (w), 813.8 (w),
783.7 (w), 754.5 (w), 736.4 (w), 717.5 (w), 695.9 (w), 656.3 (w) cm–1.
31P{1H} NMR (CDCl3): δ = 29.8 (t, J = 78.55 Hz), 21.5 (dd, J =
87.58, 79.45 Hz), 20.0 (dd, J = 87.58, 76.75 Hz) ppm.

[N3P3(O2C12H8){(+)-O2C20H12}2] (II): [N3P3(O2C12H8)Cl4]
(0.500 g, 1.08 mmol), (+)-binaphthol (0.653 g, 2.17 mmol), Cs2CO3

(2.121 g, 6.51 mmol) and acetone (60 mL) were heated at reflux
under an inert atmosphere for 3 h. After cooling, acetone was evap-
orated in a rotavapor. The remaining solid was extracted with
CH2Cl2 (3�50 mL) and filtered. The solvent was removed in a
rotavapor and the white solid was washed with ethanol (2 �50 mL)
and hexanes (50 mL) and dried in vacuo; yield 0.651 g (67.3%).
[α]D25 = –224.1°mLdm–1 g–1 (c = 10 mgmL–1, CHCl3). IR (KBr): ν̃
= 3067.5 (w), 1623.8 (w), 1591.4 (w), 1507.0 (m), 1475.7 (w), 1465.9
(w), 1437.2 (w), 1275.2 (s), 1267.9 (s), 1247.7 (m), 1199.8 (vs),
1182.3 (vs), 1154.9 (vs), 1096.3 (m), 1070.5 (s), 1030.2 (w), 978.6
(vs), 948.7 (s), 928.9 (vs), 881.5 (s), 864.5 (s), 835.1 (s), 815.4 (s),
782.1 (m), 750.9 (s), 713.0 (w), 695.5 (m), 655.7 (w) cm–1. 31P{1H}
NMR (CDCl3): δ = 26.6 (octet) ppm.

X-ray Diffraction Analysis: X-ray crystal structures were collected
with an Oxford Diffraction Gemini CCD diffractometer for I and
with a Nonius Kappa CCD diffractometer for II. Both compounds
were crystallized as described above to give block-shaped colourless
crystals of I and white plate crystals of II.

The unit cell of I has a = 26.0158(9), b = 7.2275(2) and c =
18.8203(5) Å and shows a monoclinic symmetry C2 with β =
96.336(3)°. R = 5.67454%. The absolute configuration of the mole-
cule was confirmed by the Flack parameter = 0.08 (11). An unusual
thermal displacement parameter (Ueq) ratio for the C atoms is a
result of a comparison between carbon atoms with a very different
mobility. This is confirmed by the above average Ueq values for
some of them. The Hirshfeld rigid-bond test difference alert[23] for
both the C28–C32 and C40–C41 bonds is due to some disorder
still present in the structure after modelling. The same alert raised
for the test performed on C35–C41 is due then to the same reason
and, as this second test is associated with the standard uncertainty,
it could be the result of over refinement. The search for possible
solvent accessible voids was performed by using the VOID algo-
rithm,[24] setting a grid of 0.20 Å and a probe radius of 1.20 Å for
both I and II.

Compound II crystallized as white plate crystals, min., mid. and
max. of 0.10, 0.30, and 0.60 mm, respectively. The unit cell has a
= 32.9552(5), b = 5.5977(1) and c = 28.2450(7) Å, and shows a
monoclinic symmetry C2 with β = 120.9078(8)°, R = 8.21543%.
The absolute configuration of the molecule was confirmed by the
Flack parameter = 0.04(8). The different mobility of carbon atoms
also results in an unusual carbon-atom Ueq ratio for compound II.
The hydrogen atoms were all located in a difference map, but those
attached to carbon atoms were repositioned geometrically. The hy-
drogen atoms were initially refined with soft restraints on the bond
lengths and angles to regularize their geometry (C–H in the range
0.93–0.98 Å, N–H in the range 0.86–0.89 Å) and Uiso(H) (in the
range 1.2–1.5 times Ueq of the parent atom), after which the posi-
tions were refined with riding constraints. The data collections were
performed at 150 K and the strategy used aimed to achieve a com-
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plete data set for 2θ = 50°. Some higher-angle data were collected
in the process and these have been included in the refinement.

The following software were used for the treatment and collection
of data of I. CrysAlis[25a] to correct all systematic errors that lead
to disparities in the intensities of symmetry-equivalent data (these
may include absorption by the mount, crystal decay, changes in the
volume of the crystal illuminated), the same software was used for
the data collection carried out at 150 K and for cell refinement and
data reduction, SIR92[25b] for structure solving, CRYSTALS[25c] for
structure refinement and Mercury[25d] for molecular graphics. The
following software packages were used for the treatment and collec-
tion of data of II performed at 150 K: Collect,[25e] Denzo/Scale-
pack[25f] for cell refinement and data reduction carried out at
150 K, SIR92[25b] for structure solving, CRYSTALS[25c] for struc-
ture refinement and Mercury[25d] for molecular graphics.

CCDC-756831 (for II) and -756832 (for I) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via http://www.ccdc.cam.ac.uk/data_request/cif.

MM Calculations: The Cerius2 package developed by BI-
OSYMJMSI was used to perform all the MM calculations through
the OFF (Open Force-Field) routine in which the parameter set of
the previously developed force field[16e,16j] was implemented. Per-
iodic boundary conditions (PBC) were imposed for in-bulk calcula-
tions removing any symmetry constraint (P1). For non-bonding in-
teractions (NB), a constant dielectric of ε = 1 and atomic charges
obtained by the charge equilibration method, implemented in the
Cerius2 package, were used. Moreover, a NB 1–4 scale factor of 0.5
and a SPLINE cut-off scheme (SPLINE-ON: 20 Å, SPLINEOFF:
30 Å) were used. All the energy optimizations were carried out
by the conjugate gradient method, satisfying a gradient of
�0.1 kJÅmol–1.

NMR Measurements: The room-temperature 1H (499.88 MHz) and
gCOSY NMR experiments were carried out at 300 K with a Varian
Unity Inova 500 spectrometer equipped with a pulse-field gradient
module (z axis) and a tunable 5-mm Varian Inverse detection probe
(ID-PFG). Acquisition parameters for the 1H NMR spectra were
as follows: pulse width 7.3 µs, acquisition time 2.7 s, relaxation de-
lay 2 s, spectral width 6 kHz, 32 K data points. The variable-tem-
perature 1H NMR spectra were acquired using a tunable 5-mm
Varian Inverse detection probe (pulse width 7.3 µs). Samples were
dissolved in CDCl3 and the chemical shifts were referenced to ex-
ternal TMS.

Supporting Information (see also the footnote on the first page of
this article): Detailed comment of the T-shaped interactions, all the
numerical details of the ring puckering analysis and of the solvent
accessible voids, together with g-COSY NMR spectra.
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