A Modular Approach to Inorganic Phosphazane Macrocycles
Alex J. Plajer,[a] Raúl García-Rodríguez,[b] Callum G. M. Benson, [a] Peter D. Matthews,[a] Andrew D. Bond,[a] Sanjay Singh,[c] Lutz H. Gade[d] and Dominic S. Wright*[a][a]	A. Plajer, Dr. R. Garcia-Rodriguez, C.G.M. Benson, Dr. P. D. Matthews, Dr. A. D. Bond, Prof. Dr. D. S. Wright
Department of Chemistry
University of Cambridge.
Lensfield Road, Cambridge, CB2 1EW.
E-mail: dsw1000@cam.ac.uk
[b]	GIR MIOMeT-IU Cinquima-Químic a Inorgánica, Facultad de Ciencias, Campus Miguel Delibes, Universidad de Valladolid, 47011 Valladolid, Spain.
[c]	Department of Chemical Sciences, City, Sector 81, SAS Nagar, Mohali 140306, Punjab,
India. 
[d]	Prof.Dr. L.H. Gade
Anorganisch-Chemisches Insitut, 
Universitat Heidelberg
Im Neuenheimer Feld 270, 69120 Heidelberg.
	Supporting information for this article is given via a link at the end of the document.



[image: ]		www.chemsuschem.org
[image: ]COMMUNICATION		







Abstract: Inorganic macrocycles, based on non-carbon backbones, present exciting synthetic challenges in the systematic assembly of inorganic molecules, as well as new avenues in host-guest and supramolecular chemistry. Here we demonstrate a new high-yielding modular approach to a broad range of trimeric and hexameric S- and Se-bridged inorganic macrocycles based on cyclophosphazane frameworks, using the building blocks [S=(H)P(µ-NR)]2. The method involves the in situ generation of the key intermediate [E…(S…)P(µ-NR)]22-(E = S, Se) dianion, which can be reacted with electrophilic [ClP(µ-NR)]2 to give PIII/PV hexameric rings  or reacted with I2 to give trimeric PV variants. Important issues which are highlighted in this work are the competitive bridging ability of S versus Se in these systems and the synthesis of the first air-stable and chiral inorganic macrocycles. 
Macrocycles have been a central subject in both synthetic and materials chemistry for the past half century, not least because of their numerous applications in host-guest chemistry, such as gas storage and the modelling of biological systems.[1–4] Many synthetic approaches to organic macrocycles (based on carbon backbones) have been established, however, inorganic analogues (based on non-carbon frameworks) have been far less investigated.[5–10] The development of general synthetic methodologies is fraught with inherent problems, such as the greater range of oxidation states available to elements such as phosphorus, and the vastly different bond energies and polarities compared to carbon-based systems. However, consideration of the bond energy versus polarity for an individual element-element bond is a valuable guide as to whether a particular bonding system might be sufficiently thermodynamically and kinetically robust to support the necessary regioselective control required to build macromolecular inorganic systems systematically. A case in point is the P-N bond, which combines a high bond energy (617 kJ mol-1; cf. C-C 607 kJ mol-1) with relatively low polarity ((pauling) = 0.85), and which therefore can be used as a basis for the development of new macromolecular chemistry.[11] One focus in this area has been to use the dichloro-phosph(III)azanes dimer [ClP(-NtBu)]2 (A), an established system in general inorganic synthesis, as a building block in the assembly of a range of P-N bonded macrocycles of the type [{P(µ-NtBu)}2(µ-Y)]n (Y = O or NH).[12–20] This approach involves the reactions of A with the NH- or O-functionalized dimers B or C (which are derived simply from A) (Scheme 1).[21,22] In the absence of a template, tetrameric macrocycles are produced for E = O and NH (with n = 4).[23,24] However, pentameric NH-bridged macrocycles are obtained in the presence of excess of halide ions (X-, particularly I-) (n = 5).[25,26] The observation of templating in a molecular inorganic system of this type is extremely rare and is directly analogous to macromolecular organic systems.[27,28]

Scheme 1: Synthesis of O- and NH-functionalised phosph(III)azane macrocycles, through the key building block A.
It has also been shown that hexameric S- and Se-bridged macrocycles, [E=P(-NtBu)2P(-E)]6 (E = S, Se) (D, Figure 1) of this class containing alternating PIII/PV-skeletons can be readily obtained via the Wurtz-type coupling reactions of the dimmers [(Cl)(E=)P(μ-NtBu)]2 although the yields are low (ca. 10%).[29,30] A recently developed approach involves the incoporation of well established building block [tBuN=(E)P(-NtBu)]22-.[31–35] Oxidation with elemental iodine yields the (-E-E-) bridged trimeric macrocycle [(tBuN=)P(μ-NtBu)2(μ-E2)]3 (E, Figure 1).	
In this paper we show that [S=(H)P(-NR)]2 (1) (the sulfur analogues of C, Scheme 1) can be employed in a simple set of versatile, one-pot reactions to obtain both hexameric PIII/PV and all-PV macrocyles related to D, and trimeric macrocycles related to E (Figure 1).[36,37] Significantly, our new method improves the yields of this type of macrocycle dramatically from approximately 10-45% using the previous Wurtz-type approach[29,30] to over 80% for the related macrocyles. This approach also allows a large range of achiral and chiral R-groups to be introduced into these arrangements (apart from tBu alone, as in all previous examples), as well as all P(V) derivatives (which are air stable). The first examples of mixed S,Se-chalcogenide macrocycles of these types can also be obtained, which show a surprising preference for Se- over S-bridging in their backbones.

Figure 1: The hexameric PIII/PV macrocycles (D) and trimeric all-PV macrocycles (E).
Deprotonation of [S=(H)P(µ-NtBu)]2 (1) with benzylsodium in thf at room temperature, followed by in situ oxidation with elemental sulfur gives the dianionic building block [S=(S)P(µ-NtBu)]22- (2) (see Supporting Information) which was reacted in situ with the dichloride [ClP(µ-NtBu)]2 (A). The resulting hexameric macrocycle 3-tBu, although closely related to previously reported D (Figure 1), contains a unique alternating (PIII)2(PV)2 backbone (Scheme 3).[30] The formation of the macrocycle 3-tBu was monitored by 31P NMR and found to be quantitative after a few minutes at room temperature. Interestingly, the PIII and PV atoms within each of the phosph(III)azane and phosph(V)azane P2N2 ring units are magnetically inequivalent, giving rise to two double-doublets in the 31P{1H} NMR spectrum at δ = 56.1 ppm (P(V)) and δ = 225.2 ppm (P(III)). The 2JPP coupling constants (16.7 and 27.2 Hz) are significantly smaller than reported previously for phosph(III/V)azanes (40-50 Hz).[21,38,39]
The solid-state structure of the toluene solvate 3-tBu•7toluene (Scheme 3, right) confirmed its macrocyclic structure, the hexameric arrangement consisting of six P2N2 cyclophosphazane ring units that are linked by bridging S-atoms. Unlike the recently reported S-macrocycle [S=P(-NtBu)2P(-S)]6 (D, E = S, Figure 1), the [(P•••P)(-S)]6 unit of 3-tBu is almost planar, with all eighteen atoms within the backbone of the macrocycle deviating by only 0.26 Å from a plane. Like all macrocycles of this general type (see Scheme 1), the planes of the P2N2 rings are approximately perpendicular to the [(P•••P)(-S)]6 mean plane of the macrocycle. The overall arrangement is therefore roughly toroidal, with a cavity measuring ca. 8.25 Å in diameter (i.e., between opposite S atoms) and ca. 6.5 Å in depth (i.e., tBu to tBu) which is very similar to [S=P(-NtBu)2P(-S)]6, the only other S-bridged phosphazane macrocycle of this type.[30]
The dianion 2 is a building block for other heteroleptic (PV)2(PIII)2 macrocycles of the type [{S=P(-NtBu)}2(-S){P(-NR)}2]3, closely related to 3-tBu, which are readily obtained from in situ reactions of 2 with different chlorodiphosphazanes ([ClP(µ-NR)]2).[19] Employing this synthetic procedure allows the introduction of R groups with varying steric bulk (i.e.,R = neo-pentyl, 3-CH2tBu) and chirality (R = R-1-(2-naphthyl)ethyl, 3-R-naphEt). These heteroleptic macrocycles show two doublets of doublets in their 31P{1H} NMR spectra, with very similar chemical shifts and coupling constants to those observed for 3-tBu (i.e., = 60-70 (PIII) and 220-260 ppm (PV)), suggesting that both have similar hexameric structures to 3-tBu.This was confirmed in the case of 3-CH2tBu by X-ray diffraction, with details of the solid-state structure of the toluene solvate 3-CH2tBu•3toluene shown in the Supporting Information. The only obvious difference compared to 3-tBu is the greater distortion of the macrocyclic core of 3-CH2tBu in the solid state into a chair-like conformation similar to that in [S=P(-NtBu)2P(-S)]6 (resulting in a more compact core, with the cavity measuring ca. 7.66 Å in diameter).[30]
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Scheme 3: Left: Synthesis of the hexamers 3. Deprotonation 2), Oxidation 3) and reaction with [ClP(µ-NR)]2 are done in situ without any further purification necessary. R’ = tBu (3-tBu), neopentyl (3-CH2tBu), R-1-(2-napthyl)ethyl (3-R-naphEt) Right: Solid-state structure of 3-tBu. Thermal ellipsoids are set at 50% probability; Hydrogen atoms are omitted for clarity. Colour code: yellow = sulfur, purple = phosphorus, blue = nitrogen. The solid-state structure of 3-CH2tBu is shown in the Supporting Information, along with details of the data collections and refinements and selected bond lengths and angles for 3-tBu and 3-CH2tBu.


Scheme 4: Oxidation of the (PIII)2(PV)2 of 3-tBu to the all-PV framework of 4-tBu.
The heteroleptic macrocycles 3-CH2tBu and 3-R-naphEt are the first examples of phosphazane macrocycles containing organic substituents other than tBu, and 3-naphEt is the first chiral macrocycle of this type. The ability to change the R-group provides the potential for tuning or modifying behavior such as solubility, as seen for 3-CH2tBu which (unlike 3-tBu) is highly soluble in n-hexane. A further feature of this approach to phosphazane macrocycles is the straightforward oxidation of the PIII centers of the (PIII)2(PV)2 frameworks (3) to all-PV containing macrocycles in the presence of a stoichiometric amount of sulfur, which has been previously shown to stabilize phosphazanes.[40] This is exemplified by the quantitative conversion of 3-tBu to [{S=P(-NtBu)}2(-S)]6 (4-tBu) (Scheme 4), in which the symmetrization of the core structure and the complete oxidation to PV is indicated by the presence of a singlet resonance at δ = 66.5 ppm in the 31P{1H} NMR spectrum of 4. Macrocycle 4-tBu is stable in wet acetone for several months whereas 3-tBu decomposes in a matter of hours under these conditions. The variability of the organic substituents and the enhanced air/water stability upon oxidation are important for the future development of the host-guest and coordination chemistry of this class of macrocycle, as well as gas storage.
The dianion [S=(Se)P(-NtBu)]22- (5) was obtained in a similar manner to its all-sulfur analogue 2, by the deprotonation of 1 with benzylsodium followed by in situ reaction with elemental Se in thf (Scheme 5). Subsequent reaction with the dichloro-precursor A gave the mixed-chalcogen macrocycle 6-tBu (Scheme 5, left). The solid-state structure of 6-tBu reveals a similar (PIII)2(PV)2 arrangement to that seen for 3-tBu and 3-CH2tBu, in which the Se-atoms bridge the six P2N2 ring units within the core (see Supporting Information). The dimensions of the macrocyclic cavity are strikingly similar to that of 3-tBu, with the toroidal void of average diameter of 8.18 Å (Se•••Se) and depth 6.6 Å. Overall, the core is less distorted than the all-sulfur analogue 3-tBu, with Se atoms within the cavity being displaced by 0.22 Å from the mean plane. The reason for the preference for Se-bridging is most likely to be due to the greater length of P-Se bonds (range 2.2254(19)-2.376(2) Å in 6-tBu; cf. P-(-S)-P range 2.0780(18)-2.2382(17) Å in 3-tBu), resulting in lower net steric/electronic congestion of the peripheral tBu- and S-groups compared to the S-bridged alternative.
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[bookmark: _GoBack]Scheme 5: Synthesis and solid-state structures of 6-tBu (left) and 7 (right). Cyclisation occurs exclusively through the Se-face of 5. Thermal ellipsoids are set at 50% probability, Hydrogen atoms are omitted for clarity. Colour code: yellow = sulfur, purple = phosphorus, blue = selenium. Details of the data collections and refinements of 6-tBu and 7, along with selected bond lengths and angles are shown in the Supporting Information.
In situ NMR spectroscopic studies showed that the formation of 6-tBu was quantitative. The 31P{1H} NMR spectrum of 6-tBu displayed a pseudo-triplet in the PV region at  = 43.5 ppm, with an average coupling constant 2JPP = 21.2 Hz, whereas the PIII signal appeared as a doublet of doublets at  = 252.8 ppm (significantly shifted compared to 3-tBu). These features confirm that 6-tBu is P(III)-Se-P(V) bridged. The Se-bridging gives rise to 77Se-satellites associated with the 31P NMR resonances of both the PV and PIII centers, with 1JSeP = 485.5 Hz and 1JSeP = 227.5 Hz.
To investigate the unexpected P-Se bridging further and to expand the applications of precursors like 2 and 5, we employed a similar method to that reported by Woollins et al. for the synthesis of the macrocyles E (Figure 1).[35] The in situ generated dinanion 5 was reacted with one equivalent of elemental iodine to oxidatively-couple the chalcogenide positions, to give P-E-E-P linkages between the P2N2 units. Again the cyclisation of [Se=(S)P(µ-NtBu)]22- selectively yields the Se-bridged species,to give the trimeric macrocycle [{(S=)P(µ-NtBu)}2(µ-Se-Se)]3 (7) (Scheme 5, right). The presence of two PV environments in the room-temperature31P{1H} NMR spectrum at  = 40.0 and 48.2 ppm is due to the rigid conformation of the core structure in solution, in which the Se-atoms in the Se-Se bridges are orientated exo- and endo-with respect to the alternating P-atoms (making them magnetically-inequivalent). The solid-state structure of 7 (Scheme 5, right) is consistent with the NMR spectroscopic observations, showing a trimeric arrangement with a perfectly planar [(P•••P)(Se-Se)]3 core.
In conclusion, we have shown that dianions of the type  [S=(E)P(-NR)]22- (where E = S or Se) can be used as building blocks in the assembly of a broad range of new chalcogenide-bridged phosphazane macrocycles. The simple, one-pot methodology allowed different organic substituents (other than tBu) to be introduced into this family of compounds for the first time, and thus variation of the steric demands of substituents, introduction of chirality and the synthesis of air-stable frameworks. Most of all, the method reported here provides an important cornerstone for new host-guest and coordination chemistry of all-inorganic macrocycles which may find applications, inter alia, in gas storage.
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	COMMUNICATION

	Give me a ring - A range of new S- or Se-bridged phosphazane macrocycles can be obtained using the dimeric dianions [S=(Se)P(-NtBu)]22-, either through reactions with the dichorophosphazane dimers [ClP(-NR)]2 or by oxidation with I2. This approach allows variation of the organic substituents in this class of inorganic macromolecule for the first time, and the introduction of chirality.
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