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Abstract 13,17,53,57-tetraphenyl-13,17,53,57-tetrathio-3,

7-dithia-1,5(1,5)-di(1,5-diaza-3,7-diphosphacyclooctana)-

2,4,6,8(1,4)-tetrabenzenacyclooctaphane 2b was obtained

by sulfurization of the corresponding macrocyclic tetra-

phosphine 1b. The structure of the inclusion complex of

tetrasulfide 2b with DMF was investigated by the X-ray

crystal structure analysis. A novel for this type of cyclo-

phanes and relatively rare conical-like conformation of

the macrocycle was found. A methyl group from one of

the solvating DMF molecules penetrates the macrocyclic

cavity of 2b from the side of the wider rim. According to

quantum-chemical simulations, this may be the reason of

the unusual conical conformation of 2b because the cavity

of the macrocycles of this type is highly flexible.

Keywords 1,5(1,5)-di(1,5-diaza-3,7-diphosphacyclooctana)-

2,4,6,8(1,4) tetrabenzenacyclooctaphanes � Conformation �
Host–guest complexes � Quantum-chemical simulations

Introduction

The recently synthesized 13,17,53,57-tetra-R-3,7-di-X-1,5

(1,5)-di(1,5-diaza-3,7-diphosphacyclooctana)-2,4,6,8(1,4)-

tetrabenzenacyclooctaphanes 1 (R=Ph X=CH2(1a), S(1b),

SO2(1c); R=Bn, X=CH2 (1d), S (1e); R=Mes, X=S (1f))

[1–3] are the representatives of [n,1,n,1]-paracyclophanes.

These cyclophanes draw an attention mainly as the recep-

tors for different types of organic guests. So the sizes and

the shapes of their intramolecular cavities are considered as

the important parameters which determine the binding

abilities of these macrocycles [4]. The numerous data on

the structures of such cyclophanes and their inclusion

complexes show that the frameworks of these cyclophanes

are not rigid and the mutual arrangement of the phenylene

rings of the diphenylmethane (or analogous) fragments

varies from the ‘‘roof-like’’ [4–10] to skewed conforma-

tions [4, 11–19]. The partially twisted conformations of the

spacers are the most typical. Accordingly the cavity’s

shapes vary from nearly ‘‘box-like’’ (cylindrical) to prac-

tically collapsed. Even small peripheral changes of the

molecular structure which do not touch the basic macro-

cyclic framework may cause significant differences in the

conformations of similar cyclophanes [4]. Significant

changes in the conformations of the macrocycles some-

times are a result of the inclusion complex formation with

different guest molecules [11, 20]. It demonstrates the

ability of [n,1,n,1]-paracyclophanes to adapt to varying

environments. Nevertheless the examples of asymmetrical

conical conformations of these macrocycles are relatively

rare and such conformations are usually forced by the

formation of the inclusion complexes or dimers [4, 21, 22].

The X-ray analysis of four cage macrocycles (1a, 1d, 1e,

1f) showed very similar structures with the roof-like con-

formations of spacers and the box-like cavities for all of
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them in spite of the different nature of the bridging groups

(CH2 or S), various substituents at the phosphorus atoms

(phenyl, benzyl or mesityl) and the different types of the

solvate complexes formed [2, 3]. We proposed that the

presence of two heterocyclic fragments probably fixed such

conformation of the macrocycles due to the most efficient

conjugation of the nitrogen lone electron pairs with p-

systems of phenylene rings. The diazadiphosphacyclooc-

tane fragments always adopt chair–chair conformation with

the phosphorus lone electron pairs directed inward the

cavity [2, 3]. It may be expected that the conversion of

these tetraphosphines to the corresponding derivatives

(sulfides or oxides) will lead to the partial filling of the

macrocyclic cavities. It could lead to the restriction of the

guest’s access into the cavities of these compounds.

Although tetrasulfides (2a) and tetraoxides (3a) of 1a had

been obtained previously [2] no data on their conforma-

tions and ‘‘host–guest’’ complexes are known yet.

We report here the synthesis, the unexpected results

of the structural study as well as the quantum-chemical

simulations of 3,7-dithia-1,5(1,5)-di(1,5-diaza-3,7-diphos-

phacyclooctana)-2,4,6,8(1,4)-tetrabenzenacyclooctaphane

(2b) with conical-like intramolecular cavity.

Experimental

NMR spectra

MSL-400 (Bruker), standards: 31P NMR (161 MHz):

external 85% H3PO4; Avance DRX 400 (Bruker), stan-

dards: 1H NMR (400 MHz): internal solvent. 13C NMR

spectra were of only poor quality due to low solubility; the

most indicative signals (those of the CH2 groups) had only

very low intensity. The IR spectra were recorded as nujol

mulls on a Specord M-80 spectrometer in the range 400–

4,000 cm-1. The melting point was determined on a Boe-

tius apparatus and is uncorrected.

X-Ray structure determination for compound 2b

Crystals suitable for X-ray diffraction were obtained from a

DMF solution of the compound. Data were collected with a

Nonius Kappa CCD diffractometer with graphite-mono-

chromated MoKa radiation (k 0.71069 Å). The structure

was solved by direct methods using SIR 97 [23] and refined

with full-matrix least-squares procedures using the pro-

gram SHELXL-97 [24]. All non-hydrogen atoms were

refined with anisotropic displacement parameters. All

hydrogen atoms were placed in idealized positions, and no

further refinement was applied. Illustrations were made

using Platon [25]. Crystallographic data (excluding

structure factors) for the structure 2b have been deposited

in the Cambridge Crystallographic Data Centre as supple-

mentary publication number CCDC 607373. Copies of the

data can be obtained, free of charge, on application to

CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax:

+44(0)-1223-336033 or e-mail: deposit@ccdc.cam.ac.uk].

Crystal data

C56H52N4P4S6 6(C3H7NO), M 1535.83 g mol-1, mono-

clinic, a = 27.610(5), b = 12.491(5), c = 23.178(5)Å,

b = 90.040(5)�, V = 7994(4)Å3, T = 150 K, space group

P21/c, Z = 4, l(Mo-Ka) 3.07 cm-1, dcalc = 1.28(1) g

cm-3. A total of 13,743 reflections measured, 10,335

unique (Rint = 0.034) which were used in all calculations.

The final R(F2) was 0.053 ([2rI) and 0.075 (all).

13,17,53,57-tetraphenyl-13,17,53,57-tetrathio-3,7-dithia-

1,5(1,5)-di(1,5-diaza-3,7-diphosphacyclooctana)-

2,4,6,8(1,4)-tetrabenzenacyclooctaphane 2b

The mixture of 0.2 g (0.21 mmol) of 1b [3], 0.027 g

(0.84 mmol) of sulfur and 10 mL of DMF was heated until

the mixture became homogeneous and was allowed to

stand overnight. The precipitate formed was filtered off,

washed carefully with DMF and MeCN and dried at

0.1 Torr for 2 h. The yield of 2b: 0.17 g, 75%; mp 250–

252 �C. 1H NMR (DMF-d7): d 4.75 (dd, 2JYY = 15.75 Hz,
2JPY = 1.5 Hz, 8Y, H–CYF–N), 5.07 (dd, 2JYY = 15.75 Hz,
2JPY = 2.1 Hz, 8Y, H–CYD–N), 7.30 (d, 3JYY = 8.9 Hz, 8Y,

o-H in N–C6H4), 7.54 (d, 3JYY = 8.9 Hz, 8Y, m-H in N–

C6H4), 7.70–8.40 (m, 20Y, C6Y5). 31H {1H} NMR (DMF-

d7): d 30.41. IR (KBr, nujol, m/cm-1): 630 (m, mP=S), 640

(m, mP=S), 692 (s, cC-Har), 740 (m, cC-Har), 780 (w), 812 (s),

840 (m), 862(m), 900(m), 1000 (w), 1104 (s), 1160 (m),

1212 (s), 1248 (m), 1266 (m), 1280 (w), 1312 (w), 1340

(w), 1376 (s), 1436 (s), 1460 (s), 1500 (vs, mC=Car), 1560

(w), 1590 (vs, mC=Car), 3048 (w, mC-Har). Anal. calc. for

C56H52N4P4S6 [1096]: C 61.31, H 4.74, N 5.11, P 11.31, S

17.52. Found: C 60.85, H 4.82, N 5.02, P 10.88, S 17.98%.

Computations

All quantum-chemical calculations were done using the

Gaussian-98 [26] and PRIRODA [27] suites of programs.

Density functional theory (DFT) was employed because

this approach reproduces accurately geometry parameters,

conformational behaviour and vibrational frequencies of

1,5-diaza-3,7-diphosphacyclooctanes [28]. We used

Becke’s three-parameter exchange functional [29] in
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combination with the Lee-Yang-Parr correlation functional

[30] and standard 6-31G* basis set (B3LYP/6-31G*), and

Perdew-Burke-Ernzerhof functional [31] with basis set

‘‘basis1’’ [27] (PBE/basis1).

Results and discussion

13,17,53,57-tetraphenyl-13,17,53,57-tetrathio-3,7-dithia-1,5

(1,5)-di(1,5-diaza-3,7-diphosphacyclooctana)-2,4,6,8(1,4)-

tetrabenzenacyclooctaphane 2b was obtained by the reac-

tion of tetraphosphine 1b with elementary sulfur in boiling

DMF.

The compound 2b is highly-melting air-stable solid

which is restrictedly soluble only in DMF at the elevated

temperature. The structure of the compound 2b was

determined on the basis of IR and NMR spectra. The

presence of only one signal at dP 30.41 ppm in the 31H
NMR spectrum confirms the complete sulfurization of all

four phosphorus atoms. It indicates that all of them remain

available for the reagent attack up to the completion of the

reaction.

The single crystals of 2b were grown from DMF and the

structure was studied by the single-crystal X-ray diffraction

analysis, which showed that the convertion of three-coor-

dinated phosphorus atoms to tetracoordinated ones

unexpectedly led to more significant changes of the basic

macrocyclic framework than of the diazadiphosphacyc-

looctane fragment’s structures (Fig. 1f, b).

The heterocyclic units adopt the chair–chair conforma-

tions with the equatorial positions of the phenyl

substituents and the axial P=S bonds. The geometrical

parameters of the eight-membered rings are changed in

comparison with the tetraphosphines 1: their P–P distances

are elongated from 3.84 Å (av. for 1 [3]) to 4.34–4.36 Å

whereas N–N distances are shortened from 3.99 Å (av. for

1 [3]) to 3.51–3.56 Å. As a whole the macrocycle 2b

adopts an asymmetrical distorted conical conformation,

whereas the conformations of parent tetraphosphines 1 are

centrosymmetrical and their cavities can be described as

cylinders [3]. The four nitrogen atoms are very roughly at

the same plane (the dihedral angle N(1)–N(5)–N(26)–

N(22) is 8.2�) and form the reference plane of the macro-

cycle. Two opposite phenylene rings are near ortogonal to

the reference plane (the dihedral angles are 79.0 and 81.4�),

whereas two other phenylene fragments are inclined to this

plane at the angles of 122.7 and 113.2�. The noticeable

divergence is also found for the diazadiphosphacyclooc-

tane fragments: the dihedral angles between their mean

planes formed by phosphorus and nitrogen atoms and the

reference plane of the macrocycle are 106.3 and 107.5�
correspondingly. The divergent phenylene and
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Fig. 1 50% probability ORTEP
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diazadiphosphacyclooctane fragments form the conical

cavity with the pronounced wide and narrow rims. The

strong differences in the distances between the corre-

sponding atoms located on the wide and on the narrow rims

of the cavity (sulfur and phosphorus atoms and carbon

atoms of the divergent phenylene rings) are observed.

Namely the distances S(7)–S(28) and S(3)–S(24) are 7.16

and 4.20 Å, the distances P(7)–P(28) and P(3)–P(24) are

10.4 and 7.9 Å, the distances C(13)–C(35) and C(11)–

C(31) are 9.4 and 7.3 Å correspondingly. As a result, the

bonds P(7)=S(7) and P(28)=S(28) are directed practically

outward the cavity, so the cavity becomes available for the

inclusion of the guest molecules.

In the crystal of compound 2b there are six DMF mol-

ecules per a molecule of the macrocycle. Two of them are

disordered in two positions with relative occupancies 0.51–

0.49 and 0.56–0.44. The methyl group of one of the dis-

ordered DMF molecules penetrates the macrocyclic cavity

from the side of the wider rim (Fig. 1a). The carbon atom

of the methyl group of the proximate DMF molecule is

near the center of the cavity, the shortest distance between

one of hydrogen atoms of the methyl group and sulfur atom

S(24) is equal to 2.94 Å. In spite of the disordering, the

whole DMF molecule practically lies in the plane, which is

perpendicular to the reference plane of macrocycle and

passes through two bridging sulfur atoms (Fig. 1b). The

position of the methyl group indicates some C–H���p
interactions like in the case of 1,5(1,5)-di(1,5-diaza-3,7-

diphosphacyclooctana)-2,4,6,8(1,4)-tetrabenzenacyclooc-

taphanes 1, which also form the crystalline inclusion

complexes with two or one DMF molecules penetrating

their cavities [3]. The parameters of the interactions are the

following: the distance between the center of gravity (Cg)

of the aromatic ring and the hydrogen atom of the DMF

methyl group is 3.26 Å and the angle (C–H - Cg) is

144.8�. The penetration of the guest molecule probably

forces the macrocycle 2b to bend and to open the cavity,

because it is shielded by the sulfur atoms in comparison

with parent tetraphosphines, which do not show the sig-

nificant structural distortions caused by the formation of

the inclusion complexes. Nevertheless the absence of short

contacts between the sulfur atoms of the narrow rim indi-

cates that the change in the oxidation state of the

phosphorus atoms is not the main reason of the macrocycle

conformation’s changes and the driving force of the conical

distortion is the inclusion of the solvent molecule. The

similar open slightly conical conformation of cyclophane

was observed for the inclusion complex of nitromethane

with one of dispiro[1,3,17,19-tetraoxa[3,1,3,1]paracyclo-

phane-10,40:26,400-bispiperidinium] salts where strong C–

H���p interactions were found [4].

Two DMF molecules (one of which is disordered) are

located in the widest external part of macrocyclic ‘‘basket’’

which is restricted by the phenyl substituents on the

phosphorus atoms of the wide rim, and the other solvating

molecules are located between the macrocycle molecules.

The molecules of 2b form parallel stacks, the macrocyclic

molecules in these stacks are turned to 90� with the respect

to each other. Their cavities form channels (Fig. 2) like in

the case of macrocyclic tetraphosphines 1a,c [3], but these

channels are strongly shielded by the exocyclic sulfur

atoms. Nevertheless the DMF molecules penetrating the

cavities are located near the axes of these channels. The

packing coefficient of the molecules is relatively low (0.66)

in spite of the sufficient amount of the solvate molecules in

the crystal.

It should be mentioned that DMF molecules can be

completely removed by the washing with acetonitrile

which does not form the solvate with the cyclophanes 2a

and 2b. The loss of DMF destroys the crystals of 2b and the

solvent-free 2a, b are the powders. The attempts to obtain

the solvate complexes of the compounds 2a,b with other

organic compounds were unsuccessful because of their low

solubility in practically all available solvents (THF, diox-

ane, acetone, organic halides, organic esters, aromatic

hydrocarbones, DMSO).

The 1H NMR spectra of 2a [2] and 2b in DMF-d7 are

similar and give the evidence of some flexibility of mac-

romolecules in solutions. The proton signals of all

phenylene rings of 2a,b appear as a single AA0BB0 spin

system. The absence of the difference between the two

rims of the cyclophanes indicates either existence of the

molecules in cylindrical conformation or the fast confor-

mational equilibrium in solution between conical and

cylindrical forms of the macrocycles. The corresponding

protons of all methylene groups of 2a,b are also equivalent.

In the case of 2b their signals are two doublets of doublets.

The values of both coupling constants 2JPH are low (1.5 and

Fig. 2 Six channels of molecules in the crystal structure of 2 viewed

along the c axis
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2.1 Hz). The spectral picture is typical for disulfides of 1,5-

diaza-3,7-diphosphacyclooctanes [32] and gives the evi-

dence that the chair–chair conformation of the heterocyclic

fragments with the pseudo-axial P=S bonds is not pre-

dominant in the solution. The keeping of this conformation

with the significant difference of the S–P–C–H torsion

angles for axial and equatorial protons (about 170� and 55–

73� respectively) would lead to the different values of

stereospecific coupling constants 2JPH for these protons (8–

14 and 0–5 Hz respectively [33]). The observed low values

of both coupling constants probably correspond to the

equilibrium between the chair–chair and chair–boat con-

formations of the diazadiphosphacyclooctane fragments of

2a,b.

We tested the validity of the above conjectures by

quantum-chemical computations. As might be expected

conical conformation observed in the crystal and taken as

starting geometry for the optimisation did not correspond

to a stationary point of the potential energy surface of the

isolated molecule 2b. During the optimisation the cone

transformed to the cylindrical conformation of the macro-

cycle (Fig. 3).

At the same time the optimisation of the isolated com-

plex 2b�DMF resulted in the geometry very similar to the

X-ray starting structure discussed above: the methyl group

of the DMF molecule penetrated the macrocyclic cavity

which adopted the conical conformation (Fig. 4).

So, the inclusion of the DMF guest molecule may cause

the transformation of the cylindrical conformation of the

macrocycle to the conical conformer. To evaluate the

energy cost of this transformation, we computed the energy

(Econe) of the isolated molecule 2b in the fixed conical

conformation, adopted by 2b in the complex with DMF,

and subtracted the energy of the optimal cylindrical form of

the isolated 2b (Ecylinder). Depending on the computational

method used, the value of Ecylinder - Econe amounted to

0.4–1.3 kcal mole-1 only. This small energy rise, demon-

strating high conformational flexibility of the molecule 2b,

is easily compensated by the energy of the 2b�DMF

inclusion complex formation: depending on the computa-

tional method used, E(2b�DMF) - E(2b) - E(DMF) &
4–5 kcal mole-1. The value seems to be typical for

hydrogen bonding and can be ascribed to the above men-

tioned C–H���p interactions between the methyl group of

DMF, penetrating the cavity of the macrocycle, and the

aromatic fragments of the latter. As all three protons of the

methyl group participate in the short contacts, the energy of

the interaction per one C–H���p bond is equal to ca.

1.5 kcal mole-1, and, naturally, can be far outweighed by

‘‘crystal packing’’ effects. So, it is hardly possible to decide

on the basis of the data available whether the cone con-

formation is a result of crystal forces or the C–H���p
bonding or, most probably, of the both. Nevertheless, in

spite of the weakness of the host–guest interaction, it is

sufficient enough to transform the conformation of the

isolated host molecule 2b from the cylinder to the cone

because of high conformational flexibility of the macro-

cycle 2b.

To evaluate possible influence of oxidation/coordination

state of the phosphorus and nature of the X groups,

bridging the phenylene fragments, on conformational

behaviour of the described cyclophanes we optimised also

the structures of several related molecules (1a,b and 2a).

X-ray coordinates of the cone conformation of the mole-

cule 2b (Fig. 3a) were taken as starting geometry for all the

molecules. In all cases the result of the optimisation was

the same: in the absence of the ‘‘guest-molecule’’ the

conical conformation transformed to the cylindrical con-

formation (Fig. 5). The only difference between the P(III)

Fig. 3 Starting geometry of the

molecule 2b taken from X-ray

of 2b�DMF complex (a); and

the geometry of the same

molecule after optimisation (b)

Fig. 4 The optimised geometry of the 2b�DMF inclusion complex
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and P(IV) molecules was that the roof-like conformations

of spacers between two 1,5-diaza-3,7-diphosphacyclooc-

tana moieties, typical for P(III) compounds, changed to

partially twisted conformations in case of P(IV) molecules

2a,b (Figs. 5 and 3, respectively).

To find out whether the interaction with DMF may cause

the trasnformation of the cylindrical P(III)-based

macrocycle to the conical conformer, we have taken the

starting geometry of the molecule 1a in the cylinder con-

formation from the X-ray data [2] and placed a molecule of

DMF above the center of the macrocycle (Fig. 6a). As a

result of the optimization, the molecule 1a adopted cone

conformation while the DMF guest-molecule shifted up-

word (Fig. 6b). Nevertheless, the methyl group of the DMF

Fig. 5 Starting geometry of the

molecules 1a, 1b and 2a (from

top to bottom, respectively)

taken from X-ray of 2b�DMF

complex (a); and the geometry

of the same molecules after

optimisation (b)

Fig. 6 Starting geometry of the

molecule 1a, taken from X-ray,

and DMF molecule placed

above the macrocycle (a). The

geometry of the same molecules

after optimisation (b)
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molecule penetrated the cavity of the macrocycle; hence

the DFT computations predicted the 1a�DMF inclusion

complex formation in vacuum. The computed formation

energy of this complex amounted to 7.5 kcal mole-1,

irrespective of the computational method used. To evaluate

the energy cost of the cylinder–cone transformation of the

macrocycle 1a, we computated the energy (Econe) of the

isolated molecule 1a in the fixed conical conformation,

adopted by 1a in the complex with DMF (Fig. 6b), and

subtracted the energy of the optimal cylindrical form

(Ecylinder) of the isolated 1a (Fig. 5a). Depending on the

computational method used, the value of Ecylinder - Econe

amounted to 0.8–1 kcal mole-1, which is much less than

the energy of the 1a�DMF inclusion complex formation.

So, the computations demonstrate that the conical con-

formation does not correspond to a minimum (or even

stationary point) of potential energy surface for the free

macrocycles of the type discussed above, irrespective of

the coordination/oxidation state of the phosphorus atoms

and the nature of the bridges (–CH2– or –S–) between

phenylen groups of the macrocycles. Nevertheless, the

cavity of the cyclophanes is so flexible that the inclusion of

the DMF guest molecule may easily cause the trasnfor-

mation of the cylindrical shape to the conical conformer.

In summary, the results of the structural investigation of

the macrocycle 2b and other closely related compounds

indicate that the frameworks of 1,5(1,5)-di(1,5-diaza-3,7-

diphosphacyclooctana)-2,4,6,8(1,4)-tetrabenzenacyclooc-

taphanes have the sufficient conformational flexibility to

accomodate the guest molecules via widening-narrowing

of the cyclophane rim. The possibility of the adaptation of

the cavity shape is important for the formation of the metal

complexes inside the cavity of the cage tetraphosphines.
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