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Influence of Ring-Strain and Bond Polarization on the Ring-

Expansion of Phosphorus Homocycles 

Saurabh S. Chitnis, Rebecca A. Musgrave, Hazel A. Sparkes, Natalie E. Pridmore, Vincent T. 

Annibale and Ian Manners* 

School of Chemistry, University of Bristol, Cantock’s Close, Bristol, BS8 1TS, United Kingdom 

Abstract: Heterolytic cleavage of homoatomic bonds is a challenge as it requires separation of 

opposite charges. Even highly strained homoatomic rings (e.g. cyclopropane and cyclobutane) 

are kinetically stable and do not react with nucleophiles or electrophiles. In contrast, 

cycloalkanes bearing electron donating/withdrawing substituents on adjacent carbons have 

polarized C–C bonds and undergo numerous heterolytic ring-opening and expansion reactions. 

Here we show that upon electrophile activation phosphorus homocycles exhibit analogous 

reactivity, which is modulated by the amount of ring strain and extent of bond polarization. 

Neutral rings (tBuP)3, 1, or (tBuP)4, 2, show no reactivity towards nitriles but the cyclo-

phosphinophosphonium derivative [(tBuP)3Me]+, [3Me]+, undergoes addition to nitriles giving 

five-membered P3CN heterocycles. Due to its lower ring-strain, the analogous four-membered 

ring, [(tBuP)4Me]+, [4Me]+, is thermodynamically stable with respect to cycloaddition with 

nitriles, despite similar P–P bond polarization. We also report the first example of isonitrile 

insertion into cyclophosphines, which is facile for polarized derivatives [3Me]+ and [4Me]+, but 

does not proceed for neutral 1 or 2, despite the calculated exothermicity of the process. Finally, 

we have assessed the reactions of [4R]+ towards 4-dimethylaminopyridine (dmap), which 

suggest that the site of nucleophilic attack varies with the extent of P–P bond polarization. These 

results deconvolute the influence of ring-strain and bond-polarization on the chemistry of 

inorganic homocycles and unlock new synthetic possibilities. 
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Introduction  

Strained rings are an important class of molecules and investigations into their properties have 

revealed fundamental insights into structure, stereochemistry and bonding.1 They are also 

precursors to functional materials via ring-opening polymerization (ROP)2 and key synthetic 

intermediates en route to complex molecules by cycloaddition reactions.3 Prototypical three and 

four-membered carbon rings I and II (Scheme 1, top) are highly strained, but nevertheless resist 

nucleophilic, electrophilic, or dipolar ring opening due to the high barrier for heterolytic fission 

for non-polar C–C bonds (ca. 1300 kJ mol–1 in ethane).4 In contrast, derivatives functionalized 

with vicinal donor-acceptor groups (III and IV, Scheme 1, top) have polarized bonds and, 

consistent with expectation of a lower barrier for C–C heterolysis, a rich ring-opening and 

expansion chemistry exists for the archetypal organic frameworks III and IV that is inaccessible 

to I and II. For example, while cyclopropane and cyclobutane are both unreactive towards 

dipolar substrates, a vast array of cycloaddition reaction have been reported between donor-

acceptor functionalized cycloalkanes and 1,2-dipoles (e.g. nitriles,5,6,7,8 nitrosyls,9,10 ketones,11 

aldehydes12), permitting the rapid assembly of complex four-, five-, and six-membered 

heterocycles.3,13 In these reactions, donor-acceptor functionalized strained cycloalkanes behave as 

masked dipoles whose reactivity is analogous to that of canonical dipoles like the azide anion. 

For example, the reaction of donor-acceptor cyclopropanes with nitriles (Scheme 1, bottom) to 

give five-membered C4N frameworks (pyrrolines)5 parallels the reaction of azides with nitriles to 

give CN4 frameworks (tetrazoles).14  

A large number of strained inorganic rings are now also known and in some cases their 

ROP has led to the development of functional inorganic polymers such as polysiloxanes, 

polyphosphazenes, polythionylphosphazenes,15 polymetallocenes,16 and polysilazanes.17,18,19,20 

However, strained rings featuring homoatomic inorganic frameworks – especially heavier 

analogues of I-IV – are rare,21 and their reaction chemistry is therefore underdeveloped, 

preventing access to materials and molecules with potentially unique physical and chemical 

properties. Given that bond polarization is the principle underlying the broad synthetic potential 

of donor-acceptor functionalized cycloalkanes, it is reasonable to expect that strained inorganic 

homocycles with polarized bonds should also exhibit a rich ring-opening and ring-expansion 

chemistry. Understanding this chemistry may reveal strategies for evolving complex inorganic 

systems from the simple cyclic precursors that result from Wurtz coupling of element halides.  
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Scheme 1. The dipolar reactivity of donor-acceptor functionalized cycloalkanes. 

 

 

Cyclophosphines represent the most extensively developed class of inorganic homocycles with 

rings featuring cyclo-P3, -P4, -P5, and -P6 skeletons having been structurally characterized.22 

Depending upon the size of the substituent at phosphorus, rings with differing sizes can be 

present simultaneously in solutions. For example, solutions of (MeP)n contain 1:1:5 ratios of the 

P3, P4, and P5 homocycles, respectively, at 60 oC.23 When the bulkier C4H9 (
tBu) substituent is 

employed, stable solutions containing pure (tBuP)3, 1, and (tBuP)4, 2, can be prepared over a 

broad temperature range (Figure 1).24 It is also possible to coordinate a range of electrophiles to 

one of the phosphine centres in 1 and 2 to access derivatives [3R]+ and [4R]+.25 

 

Figure 1. Model compounds for studying the ring-opening and ring-expansion of phosphorus 

homocycles as a function of ring-strain and bond polarization. 
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The P–P bonds in phosphino-phosphonium cations, of which [3R]+ and [4R]+ are a subclass, 

have been theoretically predicted26 and experimentally verified27 by Burford to have lower P–P 

heterolysis energies compared to neutral diphosphines due to increased polarization of the 

homoatomic bond. In this regard they are related to the amino-substituted diphosphines 

compounds extensively studied by Gudat, which also exhibit surprisingly facile P-P bond 

heterolysis due to resonance-stabilization of the resulting phospheniums.28 Based on these 

precedents, we draw the analogy between neutral cyclophosphines (1, 2) and unfunctionalized 

cycloalkanes (I, II), which contain nonpolar homoatomic bonds, and between activated 

cyclophosphines ([3R]+, [4R]+) containing donor-acceptor bonds and donor-acceptor 

functionalized cycloalkanes (III, IV), having polarized homoatomic bonds. This comparison 

implies a masked dipolar reactivity for cationic cyclophosphines that is kinetically inaccessible 

to neutral cyclophosphines. 

The solution-phase fidelity of ring sizes in 1, 2, and their activated derivatives, [3R]+ and 

[4R]+, makes them ideal substrates for testing this analogy and, more broadly, for systematically 

modelling the influence of ring-strain and bond polarization on the ring-opening and ring-

expansion chemistry of inorganic homocycles. Here we investigate these factors in the context of 

cyclophosphine ring-expansion by studying the reactivity of 1, 2, [3Me]+, and [4R]+ (R = H, Me, 

Cl, F) towards nitriles and isonitriles. Nitriles are prototypical 1,2-dipolar reagents (N – donor, C 

– acceptor), while isonitriles, due to the simultaneous presence of a lone pair and a vacant p-

orbital at the terminal carbon atom in derivatives of R-N=C:, behave as 1,1-dipoles (C – donor, 

acceptor). We also examine the influence of bond polarization on the ring-opening chemistry for 

a given framework size in reactions of [4R]+ with dmap. Our results hint at a rich cycloaddition 

and ring-opening chemistry for inorganic analogues of donor-acceptor cycloalkanes and provide 

a theoretical framework within which to predict and interpret this reactivity. 

 

Results and Discussion 

Compounds 1 and 2 were prepared as a mixture by reduction of tBuPCl2 with magnesium, and 

separated by distillation (Scheme 2).29 Alkylation of these neutral compounds with methyl triflate 

yielded salts [3Me][OTf] and [4Me][OTf].25 The cation in [3Me][OTf] is formed as a racemic 

mixture of its enantiomers due to the presence of two stereogenic centres in 1, whereas 2 and 

derivatives of [4R]+ are formed as meso compounds.  Protonation of 2 with triflic acid gave 



 

 

 

5 

[4H][OTf] and reaction of 2 with a mixture of PCl5 and Me3SiOTf gave the salt [4Cl][OTf].25,30,31 

The novel salt [4F][OTf] was prepared by treatment of a cold (-20 oC) dichloromethane solution 

containing 2 and Me3SiOTf with XeF2 followed by removal of volatile byproducts (Me3SiF and 

small amounts of tBuPF2). The 31P NMR spectrum of [4F]+ in MeCN showed the expected 

AM2X spin system with the quaternary phosphorus centre exhibiting a doublet of triplet of 

doublets due to 1JPF, 1JPP, and 2JPP couplings (Figure 2). The 19F NMR spectrum of the salt 

showed, besides a singlet for the triflate anion, a doublet of triplets with 1JFP and 2JFP coupling 

constants that matched the values found in the 31P NMR spectrum. 

Recrystallization of the crude material from a mixture of CH2Cl2/hexane gave [4F][OTf] 

in 71 % isolated yield. Several attempts to obtain single crystals for X-ray crystallographic 

characterization were unsuccessful yielding only severely twinned crystals that were unsuitable 

for diffraction. Analysis of a CH2Cl2 solution of [4F][OTf] by mass spectrometry (electrospray 

ionization, ESI-MS) revealed the expected M+ peak for [4F]+ at 371.17 m/z, along with peaks 

corresponding to the fragments [M-tBu]+ (315.10 m/z) and [M-2tBu]+ (259.04 m/z) from 

successive loss of alkyl groups. A number of acyclic fluorophosphonium cations are known, and 

some have found applications as potent Lewis acid catalysts.32,33 Species [4F]+ is a rare example 

of a cyclic fluorophosphonium cation. 

Scheme 2. Synthesis of compounds 1, 2, [3Me][OTf], and [4R][OTf] (R = H, Me, Cl, F). 
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Figure 2. 31P{1H} NMR spectrum (MeCN, 121.66 MHz, 298 K) of [4F][OTf]. 

 

Ring Strain and Bond Polarization in 1, 2, [3Me]+ and [4Me]+ 

Calculations of ring-strain in heterocycles containing P-E bonds (E = O, C, S) have been 

reported previously by Streubel and shown to be valuable in interpreting the reactivity of these 

ring systems.34 By contrast, computational assessments of ring-strain in phosphorus homocycles 

are limited to primary cyclophosphines (PH)n or derivatives with small substituents (e.g. 

Me).35,36,37,38,39,40 We have estimated the ring-strain enthalpies in 1, 2, [3Me]+, and [4Me]+ by 

means of isodesmic reactions shown in Scheme 3 using dispersion-corrected density functional 

theory (DFT) calculations. These reactions preserve the number and hybridization of each bond, 

and the molecular charges in the reactants and products.41 As experimental ring-strain data are 

not well-established for cyclotriphosphines or cyclotetraphosphines, however, we caution that 

the values shown in Scheme 3 are only suited for relative comparison rather than as a measure of 

absolute strain enthalpies. 

 Comparison of the results for 1 and 2 shows the triphosphorus ring to be nearly 100 kJ 

mol–1 more strained than the tetraphosphorus ring. We consider that the ring-strain in three-

membered rings 1 and [3Me]+ is comparable, as is the strain in four-membered rings 2 and 

[4Me]+. Therefore expansion reactions of frameworks 1 and [3Me]+ should be approximately 

100 kJ mol–1 more favoured than those of frameworks 2 and [4Me]+. 
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Scheme 3. Isodesmic reactions used to calculate ring-strain enthalpies (kJ mol–1) in 1, 2, [3Me]+ 

and [4Me]+. 

 

Natural Bond Orbital (NBO) partial charges for the phosphorus atoms in 1, 2, [3Me]+, and 

[4Me]+ were also calculated and are given in Figure 3. The difference between the partial 

charges for adjacent phosphorus atoms provides a measure of bond polarization, with the P-P 

bond being polarized towards the more positive atom. The partial charges at all phosphorus 

atoms in 1 or 2 are equal, implying that all P-P bonds in these neutral cyclophosphines are 

nonpolar. Methylation of the rings leads to drastic increases in the positive charge at the 

tetravalent phosphorus atoms. For example, the partial charge at P1 increases from +0.26e to 

+0.82e going from 1 to [3Me]+ and from +0.27e to +0.91e going from 2 to [4Me]+. The charges 

on the remaining trivalent phosphorus atoms in the cations also increase but only marginally, 

resulting in the overall polarization of P-P bonds towards the tetravalent phosphorus. These 
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values provide a basis for our expectation of dipolar reactivity for [3Me]+ and [4Me]+, which 

should be absent in apolar 1 and 2. 

 

Figure 3. Calculated NBO partial charges for the phosphorus atoms in 1, 2, [3Me]+ and [4Me]+. 

 

Ring-Expansion of Phosphorus Homocycles with Nitriles  

Colourless solutions of [3Me][OTf] in neat MeCN, EtCN, iPrCN, tBuCN or PhCN became pale 

yellow over 48 h at 25 oC or upon heating to 80 oC for 1 h. The 31P NMR spectra of the solutions 

indicated nearly quantitative formation of new species identified as derivatives of [5R][OTf] (R 

= Me, Et, iPr, tBu, Ph, Scheme 4a) on the basis of their AMX spin systems (Table S1, Supporting 

Information).  Crystals suitable for diffraction were obtained for [5Me][OTf] and [5Ph][OTf] 

and studied by X-ray crystallography. The compounds crystallized in the centrosymmetric space 

groups P-1 and C2/c, respectively, and the unit cells of each contained two enantiomeric [5R]+ 

cations indicating a racemic mixture of five-membered P3CN heterocycles resulting from the 

overall addition of racemic [3Me]+ across the CN triple bond of the nitriles (Figure 4, Table S3, 

Supporting Information). In the case of [5Ph][OTf] the asymmetric unit included one molecule 

of Et2O.  

 

 

Figure 4. Molecular structure of one of the enantiomers of [5Me]+ in the salt [5Me][OTf] (left) 

and [5Ph]+ in the salt [5Ph][OTf]•Et2O (right). Only one of the two [5Ph]+ cations in the 

asymmetric unit is shown. Hydrogen atoms, triflate anions, and solvent molecules have been 

omitted for clarity. Thermal ellipsoids are depicted at the 50 % probability level. 
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Four diastereomers of [5R]+ can be expected, differing by the relative orientation of the 

tBu groups in the P–P–P fragment. In all cases we detected only one diastereomer of [5R]+ by 31P 

NMR spectroscopy and X-ray crystallography (for R = Me, Ph). DFT calculations for R = Me 

showed that the observed diastereomer is indeed lowest in energy, with a 27.6 kJ mol-1 gap 

separating it from the next accessible species. This results in a very small Keq (< 0.0001) for the 

formation of the less stable diastereomer and, consistently, the 31P NMR spectrum of 

[5Me][OTf] in the 23-80 oC range showed only signals arising from the isolated cation. 

The addition of main group π-bonds to C-N multiple bonds is well-established.42 

However, addition of σ-bonds in heavy p-block homocycles to C-N multiple bonds is rare. 

Passmore et al. reported (Scheme 4b) the cycloaddition of [S8]
2+ and [S4]

2+ with either (CN)2 to 

give [S3CN]2[X]2 or RCN to give [S3CNR][X] (X = AsF6, SbF6, Sb2F11).43,44,45,46,47  Very recently, 

Wolf reported that thiocyanates react with a nickel coordinated P4 cage to give cycloaddition 

products with either a P3CN or a P3CS framework (Scheme 4).48 Emphasizing the importance of 

electrophilic activation in both cases (by molecular charge or coordination to a Lewis acid), there 

are no reports of S8 or P4 exhibiting analogous cycloaddition with nitriles or thiocyanates. The 

only other example of a 1-aza-2,3,4-triphospholene framework, as found in [5R]+, was reported 

by Streubel et al. to result from the reaction of tungsten-bound phosphinidene precursors with 

nitriles (Scheme 4d), although the products were formed in low yields (< 20 %).49 Gudat has also 

shown addition of MeCN to the polarized acyclic P-P bond of a neutral diphosphole in the 

presence of a tungsten Lewis acid (Scheme 4e).50  
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Scheme 4. Synthesis of [5R][OTf] from [3Me][OTf] and examples of related reactivity. 
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Scheme 5. a) Proposed mechanism for the addition of [3Me]+ to nitriles to give [5Me]+. b) Ring-

opening of [3Me]+ with dmap to give [7]+. 

 

A sequential ring-opening/ring-closing mechanism may be operative in the formation of [5R]+, 

proceeding via the linear intermediate [6]+. The closely related linear cation [dmap-

P(tBu)P(tBu)P(tBu)Me]+ (dmap = 4-dimethylaminopyridine), [7]+, has been reported by Burford  

(Scheme 5b).27b Activation parameters for the conversion of [3Me][OTf] (0.5 M initial 

concentration) to [5Me][OTf] in neat MeCN (19.2 M) were determined by monitoring the 

reaction using 31P NMR spectroscopy. Logarithmic plots of the concentration of [3Me][OTf] 

against time showed excellent linearity (Figure S1, Supporting Information) giving pseudo first-

order rate constants of 0.195 ± 0.005 h-1 (313 K), 1.311 ± 0.144 h-1 (333 K), 2.819 ± 0.149 h-1 

(343 K), and 7.067 ± 0.944 h-1 (353 K). Eyring analysis (Figure 5) of these values yielded an 

activation enthalpy, H‡, of 79 ± 2 kJ mol–1 and activation entropy, S‡, of -75 ± 5 J mol–1 K 

(Table 1), which is consistent with an associative rate determining step. These values provide 

scant experimental data for the addition of P-P bonds to polar unsaturated bonds. 
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Figure 5. Eyring plot for the conversion of [3Me][OTf] to [5Me][OTf] in neat MeCN. 

 

Consideration of solid-state thermodynamics has previously been shown to be important in 

assessing the stability of polyphosphorus salts.26 A semi-empirical approach was therefore used 

to establish the thermodynamic parameters (Grxn, Hrxn, and Srxn) for the conversion of 

[3Me][OTf] to [5Me][OTf] in neat MeCN. To determine Hrxn, the DFT-calculated gas-phase 

enthalpy for the reaction of [5Me]+ and MeCN (Hg = -109 kJ mol–1) was combined in a 

thermochemical cycle (Figure S2, Supporting Information) with the lattice enthalpies for the two 

salts (Hlat.), and the experimental enthalpy of vaporization of MeCN (Hvap. = 33.25 ± 0.21 kJ 

mol–1).51 Lattice enthalpies were extracted from crystallographic unit cell volumes using the 

method of Jenkins, Passmore and Glasser52,53 and found to be 397 ± 16 kJ mol–1 for [3Me][OTf] 

and 391 ± 16 kJ mol–1 for [5Me][OTf] (see Experimental). Using these values, the Hrxn of -70 ± 

22 kJ mol–1 was obtained for the conversion of [3Me][OTf] to [5Me][OTf] in neat MeCN. 

Lattice entropies, Slat, were also estimated from the unit cell volume54 and the values for 

[3Me][OTf] and [5Me][OTf] are 752 ± 83 J mol–1 K–1 and 798 ± 88 J mol–1 K–1, respectively. 

These values were combined with the experimentally known Svap. for MeCN (111 ± 0.5 J mol–1 

K–1)55 and the DFT-calculated entropy change in the gas phase, Sg (195 J mol–1 K–1), to yield 

Srxn
 as -130 ± 121 J mol–1 K–1 (Figure S2, Supporting Information). From these enthalpy and 

entropy values, we estimate a relatively small Grxn value of -31 ± 42 kJ mol–1 (Table 1) for the 

formation of [5Me][OTf]. 
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Table 1. Activation and standard thermodynamic parameters for the reaction of [3Me][OTf] 

with MeCN to give [5Me][OTf]. 

Parameter Value 

H‡ (kJ mol–1) +79 ± 2 
S‡ (J mol–1 K–1) -75 ± 5 
G‡ (kJ mol–1) +101 ± 3 
Hrxn(kJ mol–1) -70 ± 22 
Srxn(J mol–1 K–1) -130 ± 121 
Grxn(kJ mol–1) -31 ± 42 

 

Scheme 6. Calculated Gibbs energies (Grxn, 298 K, kJ mol–1) for the addition of MeCN to 1, 2, 

[3Me]+ and [4Me]+ in the gas phase. 

 

No reaction was observed when 1 was heated to 80 oC in neat MeCN or PhCN for 20 h. 

Calculated Gibbs energy values (Scheme 6)56 reveal that addition of MeCN to 1 (-52 kJ mol–1) 

and [3Me]+ (-51 kJ mol–1) is equally favourable, and the absence of any reaction between 1 and 

nitriles may therefore be attributed to a high kinetic barrier. No reaction occurred when either 2 

or [4Me][OTf] were heated to 80 oC in MeCN or PhCN for 20 h. The calculated ΔGrxn values for 

the addition of MeCN to 2 and [4Me]+ are +51 kJ mol–1 and +43 kJ mol–1, respectively, and in 

agreement with the observed lack of reactivity. 

 

Ring-Expansion of Phosphorus Homocycles with Isonitriles 
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No reaction was detected between 1 or 2 and excess isopropyl isonitrile (iPrNC) either at 25 oC, 

at 110 oC, or under irradiation with a medium pressure mercury lamp for 24 h (Scheme 7a,b). In 

contrast, addition of one equivalent of iPrNC, 2,6-Me2Ph-NC (ArNC) or 1-pentyl isonitrile 

(PentNC) to clear solutions of [3Me][OTf] in CD2Cl2 immediately yielded bright yellow 

solutions. 31P NMR assays of these reaction mixtures after 2 h showed new resonances 

exhibiting AMX spin systems in each case and no resonances associated with [3Me]+, indicating 

complete conversion of starting materials to new species [8R]+ (Scheme 7c, Table S2, 

Supporting Information). Crystals obtained from the reaction of [3Me][OTf] with iPrNC 

unambiguously showed the product to be [8iPr][OTf], where the cation is a four-membered P3C 

ring with an exocyclic imine at the carbon (Figure 6, left). 

 

Scheme 7. Reactions of 1, 2, [3Me]+, and [4Me]+ with isonitriles. 
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Figure 6. Molecular structure of one of the enantiomers of [8iPr]+ in [8iPr][OTf] (left) and 

[9iPr]+ in [9iPr][OTf] (right). Hydrogen atoms and triflate anions have been omitted for clarity. 

Thermal ellipsoids are depicted at the 50 % probability level. 

 

Scheme 8. Proposed mechanism for the formation of [8R]+ from the reaction of isonitriles with 

[3Me]+ (top). Eight diastereomers possible from addition of isonitriles to [3Me]+ (bottom). 

 

Formation of [8R]+ from the addition of an isonitrile to [3Me]+ may occur by a stepwise ring-

opening/ring-closing mechanism mechanism (Scheme 8, top). The presence of three 

stereocentres (P atoms) in [8R]+ permits four diastereomers, in addition to which, due to the 

possibility of a cis or trans arrangement of the imine, an additional four diastereomers are also 

possible (Scheme 8, bottom). The 31P NMR spectrum of the crude reaction mixture containing 

[3Me][OTf] and iPrNC shows three AMX spin systems (Figure S5, Supporting Information). 

The major AMX spin system (93% by integration) was unambiguously linked to the material 

isolated upon recrystallization (trans arrangement of imine) and the associated 31P NMR 

resonances were the only ones observed upon redissolving the crystals. The two minor 

components (collectively 7%), are tentatively ascribed to two out of the remaining seven 

diastereomers, although their formation in small quantities has thus far prevented isolation and 

structural characterization. In particular, one of the minor AMX spin systems is present in only 

1% overall yield. In contrast, the reaction mixture containing [3Me][OTf] and the bulkier 

isonitrile ArNC exhibited only one AMX spin system in its 31P NMR spectrum, evidencing the 
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presence of a single diastereomer of [8Ar]+ and therefore a course of reactivity that is sensitive 

to steric bulk at nitrogen. 

The reaction of iPrNC with [4Me][OTf] was sluggish and showed 65 % consumption of 

starting materials upon heating to 40 °C for 7 days. When a three-fold excess of the isonitrile was 

employed, quantitative conversion of [4Me][OTf] to [9iPr][OTf] was observed within 24 h at 25 

oC and no reversal of the reaction was observed upon removal of the excess isonitrile under 

vacuum (Scheme 7d). The 31P NMR spectrum of [9iPr]+ showed a fully resolved AGMX spin 

system with three large 1JPP coupling constants (Figure S6, Supporting Information) confirming 

the P–P–P–P connectivity. Crystals suitable for diffraction were obtained from a saturated 

solution in 1:1 MeCN:Et2O at -30 oC and confirmed the P4C connectivity for the cation in 

[9iPr][OTf] (Figure 6, right). 

The addition of isonitriles to inorganic homocycles has very limited precedence.57 

Weidenbruch reported the oxidative-addition of isonitriles into the Si–Si bonds of cyclotrisilanes 

and the Ge–Ge bonds of cyclotrigermanes to give ring-expansion products with a Si3C or Ge3C 

framework.58,59 Sekiguchi and Scheschkewitz have reported the analogous oxidative addition of 

isonitriles to cyclotrisilenes.60 Insertion of isonitriles into cyclophosphines has not been reported 

previously, but Hey-Hawkins recently discovered that the acyclic tetraphosphorus dianion in 

Li2[P4(Mes)4] (Mes = 2,4,6-Me3Ph) undergoes an unexpected reaction with cyclohexyl isonitrile 

(C6H11NC) to give the P4C heterocycle, (P4Mes4)=N-C6H11, which is a neutral analogue of 

[9iPr]+, in 30-60 % yield.61 In a related case, Streubel has reported the analogous insertion of 

tBuNC into the tungsten pentacarbonyl activated P-P bond of a four-membered P2CN 

heterocycle.62 

We attempted to determine the activation parameters for isonitrile insertion into [3Me]+ 

or [4Me]+ but these efforts were thwarted by the very rapid (< 5 minutes) conversion of starting 

materials to products under pseudo-first order conditions (10-fold excess of iPrNC) at room 

temperature. Similarly, attempts to study reaction kinetics at low temperatures were frustrated by 

the high crystallinity of the ionic reactants and products, which led to visible precipitation of 

solids at concentrations required for NMR assays. Standard thermodynamic parameters for the 

reaction of [3Me][OTf] and [4Me][OTf] with iPrNC could nevertheless be determined using the 

volume-based-thermodynamics approach described earlier (see Table 2 and Figure S3 and S4, 

Supporting Information). Values of ΔHvap and ΔSvap are not known for iPrNC and these were 
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estimated as 31  3 kJ mol–1 and 88  8 J mol–1 K–1, respectively, from Trouton’s rule (S at 

boiling point = 88 J mol–1 K–1)63 by using the known boiling point of iPrNC (86 oC).64 

 

 

 

Table 2. Standard thermodynamic parameters for the reaction of [3Me][OTf] and [4Me][OTf] 

with iPrNC to give [8iPr][OTf] and [9iPr][OTf], respectively. 

 [8iPr][OTf] [9iPr][OTf] 

ΔHrxn(kJ mol–1) -106  22 -39  21 
ΔSrxn(J mol–1 K–1) -246  129 -251  155 
ΔGrxn(kJ mol–1) -33  44 +36  51 

 

The enthalpy values show that formation of [8iPr][OTf] is more exothermic than formation of 

[9iPr][OTf]. The ΔGrxn value for the latter is positive, but no evidence of [4Me][OTf] or iPrNC 

was detected in solutions of [9iPr][OTf] over 48 h at 25 oC. However, heating a solution of the 

salt to 80 oC for 20 minutes and then cooling to 25 oC resulted in 95 % retro-addition to 

[4Me][OTf], iPrNC, and some insoluble material (presumably from polymerization of iPrNC), 

suggesting that [9iPr][OTf] is only kinetically stable at 25 oC. In contrast, the 31P NMR spectrum 

of a solution of [8iPr][OTf] heated to 80 °C for 1 h exhibited no retro-addition to [3Me]+ and 

iPrNC, confirming the greater thermodynamic stability of [8iPr]+ compared to [9iPr]+. 

The reaction of iPrNC with the remaining derivatives of [4R]+ gave varying results 

depending upon the identity of R. Addition of iPrNC to [4H]+ led to rapid (< 5 minutes) and 

nearly quantitative deprotonation of the cation to yield neutral 2 (Scheme 9a). The 31P NMR 

spectrum of the reaction showed a broad resonance for 2, suggesting an equilibrium between 

[2H]+ and 2 that is mediated by iPrNC (Figure 7a). 

Scheme 9. Products detected by 31P NMR spectroscopy in reactions of [4H]+, [4Cl]+, and [4F]+ 

with iPrNC. 
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Figure 7. 31P{1H} NMR spectra (CH2Cl2, 121.66 MHz, 298 K) of reaction mixtures containing 

equimolar amounts of iPrNC and a) [2H][OTf], b) [2Cl][OTf], and c) [2F][OTf]. Asterisks 

denote unidentified resonances. 

The reaction of iPrNC with one equivalent of [4Cl][OTf] stopped after 50 % conversion by 31P 

NMR spectroscopy (Figure 7b) and yielded a mixture of three phosphorus containing products, 

of which none exhibited the AGMX spin system expected for the isonitrile insertion product. 

Two of the products were definitively identified as tBuPCl2 (
31P = 200.3 ppm) and 2, whereas 

the third is tentatively assigned to (tBuP)3C=N(iPr), 10 (Scheme 9b), on the basis of its ABX spin 

system (31P = 36.7 ppm, 27.7 ppm, and -88.0 ppm) and the associated coupling constants (1JPP = 
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141 Hz, 142 Hz and 2JPP = 70 Hz). This assignment is also bolstered by comparison with the 

reported 31P NMR spectrum of (tBuP)3C=O, which shows an A2X spin system with different 

chemical shifts but similar coupling constants (31P = 91.4 ppm – A, -97.6 ppm – X, 1JPP = 164 

Hz).65 The ABX spin system of 10 is of lower symmetry than the A2X spin systems of 

(tBuP)3C=O because the bent C=N–R fragment of the former belongs to the Cs point group 

whereas the linear C=O fragment of the latter exhibits C∞v symmetry. Consistent with evidence 

from NMR spectroscopy, analysis of the reaction mixture by ESI-MS also showed a peak at 

334.19 m/z corresponding to [10 + H]+. Formation of tBuPCl2, 2, and 10 occurs in a 1:2.5:1 ratio 

and indicates a complex reaction pathway (vide infra). 

A 31P NMR spectrum of the reaction mixture containing equimolar amounts of iPrNC and 

[4F][OTf] (Scheme 9c) showed signals due to unreacted [4F]+, 10, tBuPF2 (
31P = 228.0 ppm, 

19F = -109.8 ppm, 1JPF = 1180 Hz),66 2, [11]+, and one unidentified set of resonances (Figure 

7c). The identity of [11]+ was established on the basis of its AGMX spin system, the most telling 

feature of which was the 16-line pattern for the quaternary phosphorus center due to coupling to 

one fluorine (1JPF = 1201 Hz) and three unique phosphorus environments (1JPP = 513 Hz, 2JPP = 

13 Hz, 3JPP = 63 Hz). A 19F NMR assay showed the expected eight-line pattern (1JPF = 1201 Hz, 

2JPP = 48 Hz, 3JPP = 16 Hz). Over the course of 24 h signals due to 10, tBuPF2 and the 

unidentified species increased in intensity at the expense of those due to [11]+, and no further 

change was observed upon depletion of the signals for [11]+ (Figure S7, Supporting Information) 

At the end of the reaction, a substantial amount of [4F]+ (ca. 50 % by integration) remained in 

the reaction mixture. 

Scheme 10. Calculated Gibbs energies (Grxn) for the addition of iPrNC to 1, 2, [3Me]+, and 

[4R]+. All values given in kJ mol–1 at 298 K in the gas phase. 
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These results are consistent with the initial formation of [11]+ and its subsequent decomposition 

by reaction with a second equivalent of iPrNC to give a mixture of 10, tBuPF2, and the 

unidentified product. Upon addition of a four-fold excess of iPrNC to the reaction mixture, the 

31P NMR spectrum showed > 90 % conversion of starting material to a mixture of tBuPF2, 10, 

[11]+, 2 and the unidentified product but separation of these species could not be effected. 

However, the spectrum was successfully deconvoluted using iterative lineshape simulation, 

enabling extraction of chemical shifts and coupling constants for the unisolated compounds 10 

and [11][OTf] (Figure S8 and Table S2, Supporting Information). 

The DFT-calculated56 Grxn values for insertions of iPrNC into 1 (-74 kJ mol–1), 2 (-27 kJ 

mol–1), [3Me]+ (-95 kJ mol–1) and [4Me]+ (-11 kJ mol–1) are all thermodynamically favourable, 

albeit to varying degrees (Scheme 10a-d). The different values for three and four-membered 

rings reflect the relative ring-strain within the respective frameworks. Highlighting the 

importance of electrophilic activation, however, is the absence of a reaction between 1 or 2 and 

iPrNC, whereas [3Me]+ and [4Me]+ both react to give the corresponding insertion products. 
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Absence of a reaction involving 1 is particularly noteworthy because compound 10, the 

anticipated product from the addition of iPrNC to 1, was found to be stable in toluene at 120 oC 

for at least 7 days. Given with the thermodynamic spontaneity calculated for the reactions in 

Scheme 10 (a, b), we infer the existence of kinetic barriers that prevent formation of insertion 

products from the neutral rings. These barriers are evidently lowered for the formation of [8iPr]+ 

and [9iPr]+ from the cationic rings. 

 

Reactions of [4R]+ (R = H, Me, Cl, F) with dmap 

As shown in the preceding sections, the ring-expansion chemistry of cyclophosphines is 

modulated by strain and bond polarization. We next considered the influence of these features on 

the ring-opening chemistry of cyclophosphines. Burford has shown previously that [3Me]+ is 

ring-opened to give [7]+ in the presence of dmap (Scheme 5b), but the analogous ring-opening 

does not proceed for [4Me]+, presumably due to the lower strain in the latter.27b Here we isolate 

the influence of bond polarization on the ring-opening of cyclophosphines by investigating the 

reactivity of tetraphosphorus frameworks [4R]+ (R = H, Cl, F) towards dmap. Variations in R 

lead to differing extents of P-P bond polarization in derivatives of [4R]+, as measured using the 

calculated NBO charges for the phosphorus atoms (Figure S9, Supporting Information). 

 

 

 

 

 

 

Scheme 11. Reactions of [4H]+, [4Cl]+, and [4F]+ with dmap. 

 

Solutions of [4R][OTf] in 1,2-difluorobenzene were treated with one equivalent of dmap at 25 

°C (or 80 °C in cases where no reaction was detected at room temperature) and assayed by 31P 
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NMR spectroscopy (Figure S10, Supporting Information). The reaction of dmap with [4H]+ 

resulted in rapid (< 10 minutes at 25 oC) and quantitative formation of 2 and [dmap-H]+ (Scheme 

11a). The reaction of dmap with [4Cl]+ led to the formation of [dmap-P(tBu)Cl]+ ([12Cl]+, 31P = 

159.3 ppm) and 2 in an approximately 1:1 ratio (Scheme 11b). Crystals of [12Cl][OTf] were 

obtained by concentrating the reaction mixture and storing at -35 °C (Figure 8). Lastly, the 

reaction of dmap with [4F]+ at 80 °C yielded [dmap-P(tBu)F]+, ([12F]+, 31P = 199.5 ppm, 19F = 

-165.9 ppm, 1JPF = 1066 Hz),67 but, surprisingly, this was accompanied by formation of 1 as the 

main product with only minor amounts of 2 being detected (Scheme 11c). Equal amounts of 

tBuPF2 and [(dmap)2P
tBu]2+ (31P = 139.8 ppm)68 were also observed, evidencing a substituent 

redistribution reaction for [12F]+. 

 

 

Figure 8. Molecular structure of one enantiomer of [12Cl]+ in the salt [12Cl][OTf]. Only one of 

three independent units is shown. Hydrogen atoms and triflate anions have been omitted for 

clarity. Thermal ellipsoids are depicted at the 50 % probability level. 

 

These results map the diverse reaction outcomes for the interaction of nucleophiles with 

derivatives of [4R]+ and may proceed according to the mechanisms shown in Scheme 12. The 

first route involves exocyclic removal of R+, as exemplified by deprotonation of [4H]+ by dmap 

(Scheme 12a). The second proposal involve a stepwise ring opening by nucleophilic attack at 

either of the two equivalent central phosphorus atoms in derivatives of [4R]+, followed by 

extrusion of a phosphinidene (tBuP), a diphosphene (tBuP=PtBu), or both, which can undergo 

oligomerization to produce 2 (Scheme 12 b). The formation of [12Cl]+ and 2 in the reaction of 

dmap with [4Cl]+ is consistent with this proposal. The final route involves attack at the 

phosphonium centre effecting a ring opening to give a terminal phosphide. This charge-separated 

intermediate is expected to be highly unstable and displacement of the phosphonium by 

intramolecular attack by the terminal phosphide can then yield a neutral contracted ring and a 

cationic nucleophile-appended phosphine (Scheme 12). Formation of [12F]+ and 1 in the 

reaction of dmap and [4F]+ is consistent with this course. 

Scheme 12. Potential sites of nucleophilic reactivity in derivatives of [4R]+. 
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In the context of these mechanistic models, the site of initial nucleophilic attack in derivatives of 

[4R]+ appears to vary with the extent of electrophilic activation offered by the substituent R. The 

calculated NBO partial charges at the tetravalent phosphorus (P1 in Figure S9, Supporting 

Information) increase in the order [4H]+ (+0.6 e) < [4Cl]+ (+0.9 e) < [4F]+ (+1.3 e). The high 

partial charge at P1 in [4F]+ suggests direct nucleophilic attack at the quaternary phosphorus in 

this cation is plausible, whereas, the partial charge at the quaternary phosphorus in [4H]+ is 

nearly half as positive and therefore exocyclic removal of H+, which is also sterically more 

accessible, may be rendered a more competitive mode of reactivity. The intermediate 

polarization at P1 in [4Cl]+ is consistent with nucleophilic attack at the less electrophilic P2 or 

P3 atoms, which could be due to the greater steric accessibility of these trivalent phosphine 

centers compared to the chlorine substituted tetravalent P1 atom. Crucially, the observation of 
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ring contraction to form 1 and tBuPF2 in the reaction of [4F]+ with dmap parallels the detection 

of the ring contraction product 10 and either tBuPF2 or tBuPCl2 in the reaction of [4F]+ or [4Cl]+ 

with iPrNC, presumably due to nucleophilic attack by the less bulky (compared to dmap) iPrNC 

ligand at the highly electrophilic halophosphonium centres in both cases.  

Formation and rearrangement of cyclophosphines by extrusion of P(I) intermediates such 

as phosphinidenes (RP) or diphosphenes (RP=PR) from polyphosphines has been postulated 

previously but with limited evidence of the extruded species.25,31,27b,69,70 A generic mechanism 

showing sequential loss of either phosphinidene or diphosphene  units from linear 

polyphosphines to give cyclophosphiness is shown in Scheme 13a. Cummins has recently shown 

by means of trapping experiments that a bulky cyclotriphosphine exists in equilibrium with a 

phosphinidene and a diphosphene.71 Baudler has proposed an intermolecular -bond metathesis 

process as a means of accessing cyclophosphines of varying sizes (Scheme 13b).72 As this 

concerted mechanism does not proceed via unsaturated intermediates, trapping experiments are 

not expected to yield any products.  

 

 

 

 

 

Scheme 13. a) Stepwise P(I) extrusion from linear polyphosphines to give cyclophosphines, b) 

concerted metathesis mechanism for the formation of cyclophosphines from linear 

polyphosphines, and c) synthesis and thermal decomposition of [7]+. 
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Since formation of 2 in the reaction of [4Cl]+ with dmap could occur by either of the two 

mechanisms, we repeated the reaction in the presence of 20 equivalents of 1,3-cyclohexadiene as 

a potential trapping agent. However, due to the high Lewis acidity of halophosphonium cations, 

these experiments only showed catalytic polymerization of the diene,73 which was indicated by 

formation of intensely coloured solutions of polycyclohexene within seconds of adding 1,3-

cyclohexadiene to a mixture of [4Cl]+ and dmap.74 To circumvent cation-initiated diene 

polymerization, we investigated the thermal decomposition of the closely related and isolable 

cation [7]+, which is analogous to the linear intermediate proposed in the reaction of dmap with 

[4Cl]+ (Scheme 12b), but less electrophilic due to replacement of a chlorine atom with a CH3 

group.  

The 31P NMR spectrum of a freshly prepared 1,2-difluorobenzene solution of [7][OTf] 

showed the AMX spin system previously reported for the cation.27b Upon heating this solution to 

80 oC for 2 h, a yellow colour appeared and a 31P NMR assay showed quantitative conversion to 

[dmap-P(tBu)Me]+, ([12Me]+, 31P = 108.2 ppm)75 and 2 (Scheme 13c). Repeating the reaction in 
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the presence of 20 equivalents of 1,3-cyclohexadiene showed complete conversion to [12Me]+ 

and the expected diphosphene trapping product, 13 (31P = -13.3 ppm, 4.2 ppm, 1JPP = 264 Hz), 

with 2 being formed in less than <15 % spectroscopic yield (Scheme 13c, see also Figure S12, 

Supporting Information). The AB spin system observed in the 31P NMR spectrum of 13 implies a 

trans configuration of the tBu groups about the P-P bond. Consistently, 1H NMR spectra indicate 

a C1 rather than Cs molecular symmetry for the molecule (Figure S13, Supporting Information). 

On the basis of reported trends in values of 31P for syn- or anti-configured phosphanorbornane 

derivatives,76 the more downfield resonance at 4.2 ppm is assigned to the the syn-phosphorus 

centre having the tBu group directed toward the alkene functionality. Extraction of the reaction 

mixture with benzene resulted in enrichment of the NMR signal due to neutral 13 and reduction 

of the signal due to ionic [12Me][OTf], which exhibits low solubility in nonpolar aromatic 

solvents. Analysis of this benzene extract by ESI-MS showed a peak at 273.15 m/z assigned to 

the [M+O+H]+ ion formed by oxidation of 13 during sample injection under ambient 

atmosphere. Control experiments showed no evidence of 13 when 2 was heated to 80 oC for 24 h 

in 1,2-difluorobenzene in the presence of a 20-fold excess of 1,3-cyclohexadiene, precluding a 

retro-dimerization from 2 to yield tBuP=PtBu and subsequent trapping. We therefore conclude 

that either diphosphene tBuP=PtBu or phosphinidene tBuP (which can rapidly dimerize to 

tBuP=PtBu) are transiently formed in the thermal decomposition of [7]+, ruling out a concerted 

-bond metathesis mechanism for the formation of 2. 

As formation of [12Me]+ and 11 from [7]+ parallels that of [12Cl]+ and 2 in the reaction 

of dmap with [4Cl]+, it is plausible that analogous P(I) extrusion processes are operative in both 

cases. Nevertheless, due to the donor-acceptor nature of the interaction between dmap and 

derivatives of [4R]+, dynamic equilibria that involve transient ring-opening and closure prior to 

formation of more stable products cannot be ruled out.  

 

Summary and Conclusions 

Species 1, 2, [3Me]+ and [4R]+ represent a model system to study the ring-opening and ring-

expansion chemistry of inorganic homocycles. We have computationally assessed the degree of 

ring-strain in 1, 2, [3Me]+ and [4Me]+ by using isodesmic schemes. Compound 1 is more 

strained than 2 but there is no significant difference in the ring-strain between 1 and [3Me]+ or 

between 2 and [4Me]+. The P-P bonds in the cationic derivatives are strongly polarized towards 
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the quaternary phosphorus centers with predictions of a masked dipolar reactivity analogous to 

donor-acceptor cycloalkanes. Consistently, the reaction of [3Me]+ with nitriles gave derivatives 

of [5R]+ constituting a rare example of addition between inorganic homocycles and species with 

CN bonds. The reaction exhibits striking similarities to the reaction of donor-acceptor 

cyclopropanes with nitriles to give pyrrolines (Scheme 14, top). No reaction was observed 

between nitriles and 1 even though DFT calculations predict the addition to be as 

thermodynamically favourable as in the case of [3Me]+. Since the ring-strain in the two species 

is comparable, this discrepancy points to a substantial kinetic barrier for ring-expansion in 1 that 

is lowered in [3Me]+ due to polarization of the homoatomic P-P bond by electrophile 

coordination. Stronger interactions with nucleophiles on electrostatic grounds also contributes 

towards an enhanced reactivity for the cationic derivatives relative to neutral species. However, 

DFT calculations predict the absence of the analogous reaction between nitriles and either 2 or 

[4Me]+ due to the lower ring-strain of the tetraphosphine frameworks, and these predictions were 

verified experimentally. 

We also showed the first example of isonitrile insertion into phosphorus homocycles in 

reactions involving either [3Me]+ or [4Me]+, which gave [8R]+ and [9R]+, respectively, 

containing a P3C or P4C framework with exocyclic imines. This insertion is analogous to the 

addition of donor-acceptor cycloalkanes to isonitriles, which yields cycloalkanimines as 

intermediates en route to more complex products (Scheme 14, middle).77 No reaction was 

observed between isonitriles and 1 or 2, despite predictions from DFT calculations that insertion 

into these homocycles is thermodynamically viable. Lastly, we studied the reactivity of [4R]+ (R 

= H, Cl, F) with dmap and found surprising variations in the observed reaction outcomes that 

may be explained in part by variations in the initial site of nucleophile attack (Scheme 14, 

bottom).  
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Scheme 14. Top: dipolar reactivity of donor-acceptor cyclopropanes and [3Me]+ with nitriles 

(1,2-dipole). Middle: dipolar reactivity of donor-acceptor cyclopropanes and [3Me]+ with 

isonitriles (1,1-dipole). Bottom: reactions of [4R]+ with nucleophiles. 

 

These results show the dipolar nature of the homoatomic bonds in cationic 

cyclophosphines by analysis of their reactivity towards polar unsaturated substrates. Since the 

reactivity of charged cyclophosphines [3Me]+ and [4Me]+ resembles that of donor-accceptor 

functionalized cycloalkanes, we envision that some of the numerous transformations accessible 

to the latter should also be viable for the former, offering new synthetic opportunities. We also 

deconvolute the influence of ring-strain and electrophilic activation on the ring-expansion and 

ring opening chemistry of phosphorus homocycles: high ring-strain generates a thermodynamic 

driving force for ring-expansion or opening, and electrophilic activation lowers the kinetic 

barrier(s) along the reaction coordinate to realize the thermodynamic outcome. Since ring-

expansion in small cyclophosphines appears to be only kinetically hindered, transient bond 



 

 

 

29 

polarization by added electrophiles could reveal new catalytic routes for accessing complex 

heterocycles from simple Wurtz coupling products such as 1 and 2. 
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Experimental 

General Considerations: All manipulations were carried out under an atmosphere of dry and 

deoxygenated N2 in a glovebox (H2O and O2 < 0.1 ppm) or using standard Schlenk methods. 

Glassware was predried in an oven at 250 oC for several hours and cooled under dynamic 

vacuum prior to use. Solvents were dried and deoxygenated using a Grubbs type column and 

stored over activated 3 Å molecular sieves for a minimum of 24 hours. Compounds 1,29 2,29 

[3Me][OTf],25 [4Me][OTf],25 [4H][OTf],25 and [4Cl][OTf]31 were prepared according to 

literature routes. All other reagents were obtained at the highest purity from Sigma-Aldrich. 

Liquids (Me3SiOTf, PCl3, 1,3-cyclohexadiene, nitriles, and isonitriles) were distilled prior to use 

and solids (tBuPCl2, dmap, PCl5, and XeF2) were used as received. Note: Reactions involving 

XeF2 should be conducted on small scales (< 5 mmol) in oxidatively resistant solvents (e.g. 

CH2Cl2, MeCN) with measures taken to vent the Xe gas formed. 

NMR spectra were obtained using JEOL ECP 300 (300 MHz), Varian-400 (400 MHz), or 

Varian NMRS500 (500 MHz) spectrometers at 298 K unless otherwise stated. Deuterated 

solvents were obtained from Sigma-Aldrich and dried by storage over activated 3 Å molecular 

sieves for 24 hours. Air sensitive samples were loaded and capped in NMR tubes inside the 

glovebox and sealed with Teflon tape and Parafilm prior to removal. 31P NMR kinetic 

experiments were carried out in hermetically sealed J-Young valved NMR tubes with a capillary 

containing neat PCl3 as an internal standard. 
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Synthesis and characterization: 

[4F][OTf]: A solution of XeF2 (250 mg, 1.5 mmol) in 10 mL DCM was cooled to 0 oC and 

dropwise added to a cooled (-20 oC) solution of 2 (352 mg, 1 mmol) and TMSOTf (444 mg, 2 

mmol) in 10 mL DCM. Effervescence was observed and a clear yellow solution was obtained by 

the end of the addition. After stirring for 10 minutes at -15 oC and subsequently for 30 minutes at 

ambient temperature, all volatiles were removed under vacuum to obtain a white powder. 

Unreacted 2 was removed by washing thrice with 2 mL hexanes at room temperature. 

Recrystallization from a 1:1 mixture of MeCN/Et2O yielded [4F][OTf] as an air and moisture 

sensitive white powder. Yield: 71%. Elemental analysis with 0.5 eq MeCN (calc./expt.): C – 

39.97/40.70, H – 6.99/7.21, N – 1.29/0.92.  1H NMR (CD2Cl2, 400.19 MHz, 298.15 K): δH 1.34 

(dt, J = 15.3 Hz, 1.2 Hz, 9H), 1.47 (d, J = 21 Hz, 9H), 1.52 (d, J = 18 Hz, 18H). The resonance at 

1.47 ppm and 1.52 ppm exhibited significant overlap, 1.95 (s, 1.3H – partial solvent inclusion). 

13C NMR (CD2Cl2, 75.57 MHz, 298.15 K): δC 2.1 (s – partial solvent inclusion), 21.8 (q, J = 3 

Hz), 27.9 (dt, J = 16, 5 Hz), 30.5 (m), 31.5 (m), 41.7 (m), 121.1 (q, J = 320 Hz). 31P{1H} NMR 

(CD2Cl2, 162.00 MHz, 298.15 K): δP -44.2 (td, J = 157, 16 Hz, 1P), -16.3 (ddd, J = 331, 157, 62 

Hz, 2P), 168.1 (dtd, J = 1223, 331, 16 Hz, 1P). 19F NMR (CD2Cl2, 282.78 MHz, 298.15 K): δF -

177.50 (dt, J = 1223, 62 Hz, 1F), -78.86 (s). ESI-MS: 371.17 m/z, [4F]+. 

 

[5Me][OTf]: A colourless solution of [3Me][OTf] (428 mg, 1 mmol) in 4 mL MeCN was heated 

to 80 oC for 2 hours to obtain a bright yellow solution. Analysis of this crude reaction mixture by 

31P NMR showed quantitative conversion of starting materials to [5Me][OTf]. The reaction 

mixture was concentrated to 1 mL, layered with Et2O, and cooled to -30 oC for 3 days to obtain 

yellow crystalline blocks suitable for X-ray crystallography. The supernatant was decanted and 

the solids dried under vacuum to yield [5Me][OTf] as a yellow powder. Yield: 414 mg, 88 %. 

Elemental analysis (calc./expt.): C – 40.94/41.06, H – 7.09/7.10, N – 2.98/3.01. 1H NMR 

(CDCl3, 499.89 MHz, 298.15 K): δH 1.23 (d, J = 14.2 Hz, 1H), 1.45 (d, J = 16.3 Hz, 9H), 1.49 

(d, J = 18.1 Hz, 9H) , 2.52 (d, J = 11.5 Hz, 3H) 2.70 (t, J = 5.0 Hz, 3H). 13C NMR (CDCl3, 

125.71 MHz, 298.15 K):  δC 5.56 (dd, J = 17.1, 4.1 Hz), 26.03 (d, J = 3.9 Hz) , 26.24 (d, J = 6.3 

Hz), 27.73 (dd, J = 13.3, 5.5 Hz), 31.92 (dt, J = 14.4, 5.2 Hz), 34.6-35.1 (m), 35.48 (dd, J = 30.8, 

13.6 Hz), 120.8 (q, J = 319 Hz), 162.81 (d, J = 10.7 Hz). 31P{1H} NMR (CDCl3, 121.66 MHz, 



 

 

 

31 

298.15 K): δP -57.03 (dd, J = 421, 262 Hz), 87.94 (dd, J = 421, 30 Hz), 129.61 (dd, J = 262, 31 

Hz). 19F NMR (CDCl3, 282.78 MHz, 298.15 K): δF  -78.80 (s). 

 

[5R][OTf]: These compounds were prepared and characterized in situ in NMR tubes using the 

procedure for [5Me][OTf] on a 0.1 mmol scale and using 0.5 mL of the appropriate nitrile as the 

solvent (e.g. PhCN for [5Ph][OTf]). The 31P NMR data are given in Table S1 (Supporting 

Information). In the case of [5Ph][OTf] a small amount of crystalline material was 

serendipitously obtained and further characterized by X-ray crystallography. 

 

 [8Ar][OTf]: Prepared as per the procedure and on the scale employed for [8iPr][OTf] using 

2,6-dimethylphenyl isocyanide (ArNC) instead of iPrNC. Yield: 397 mg, 71 %. Elemental 

analysis (calc./expt.): C – 49.37/50.45, H – 7.03/7.13, N – 2.50/2.79. Carbon analysis 

consistently yielded high results, whereas H and N analysis were consistently close to calculated 

values. 1H NMR (CD2Cl2, 300.53 MHz, 298.15 K): δH 0.90 (d, J = 15.8 Hz, 9H), 1.53 (dt, J = 

16.7 Hz, 1.0 Hz, 9H), 1.60 (d, J = 19.2 Hz, 9H), 2.21 (s, 3H), 2.27 (s, 3H), 2.55 (dd, J = 12.5 Hz, 

1.3 Hz, 3H), 7.08-7.18 (m, 3H). 13C NMR (CD2Cl2, 125.71 MHz, 298.15 K): δC 6.8 (d, J = 18 

Hz), 18.8 (d, J = 14 Hz), 19.0 (s), 28.5 (dd, J = 14, 4 Hz), 24.5 (d, J = 3 Hz), 30.7 (ddd, J = 15, 5, 

4 Hz), 33.9 (ddd, J = 32, 15, 4 Hz), 37.5 (ddd, J = 20, 11, 2 Hz), 39.9 (ddd, J = 34, 16, 8 

Hz),120.9 (q, 319 Hz), 127.1 (s), 128.5 (s), 128.9 (s), 129.7 (s), 147.6 (d, J = 28 Hz), 166.1 (ddd, 

J = 70, 57, 14 Hz). 31P{1H} NMR (CD2Cl2, 121.66 MHz, 298.15 K): δP -54.01 (dd, J = 269.0, 

164.5 Hz, 1P), 52.91 (dd, J = 269.1, 39.4 Hz, 1P), 94.71 (dd, J = 164.8, 39.6 Hz, 1P).  19F NMR 

(CD2Cl2, 282.78 MHz, 298.15 K): δF -78.80 (s). ESI-MS: 410.2 m/z [8Ar]+. 

 

[8iPr][OTf]: Neat iPrNC (69 mg, 1 mmol) was added at once to a stirred solution of [3Me][OTf] 

(428 mg, 1 mmol) in 2 mL DCM to yield a reddish brown reaction mixture. Analysis by 31P 

NMR after 20 minutes revealed complete consumption of starting materials and appearance of 

three new AMX spin systems in approximately 93:6:1 relative intensities. All volatiles were 

removed after stirring for an additional hour. The resulting solids were dissolved in a minimum 

amount of 1,2-difluorobenzene, layered with pentane, and kept at -30 oC for three days to give 

brown crystalline material that was suitable for X-ray crystallography. The redissolved crystals 

exhibited a single AMX spin system in the 31P NMR spectrum corresponding to the 93% 
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component of the crude reaction mixture. Yield: 333 mg, 67%. Elemental analysis (calc./expt.): 

C – 43.46/43.10, H – 7.50/7.23, N – 2.82/3.09. 1H NMR (CDCl3, 400.19 MHz, 298.15 K): δH 

1.23 (d, J = 6.1 Hz, 3H), 1.34 (d, J = 15.2 Hz, 9H), 1.34 (d, J = 6.2 Hz, 3H), 1.41 (d, J = 18.9 Hz, 

9H), 1.44 (dt, J = 16.4, 1.0 Hz, 9H), 2.32 (dd, J = 12.4, 1.1 Hz, 3H), 3.74 (septet of dd, J = 6.1, 

2.9, 1.2 Hz, 1H). 31P{1H} NMR (CD2Cl2, 162.00 MHz, 298.15 K): δP -47.7 (dd, J = 260, 166 Hz, 

1P), 52.7 (dd, J = 260, 33 Hz, 1P), 82.3 (dd, J = 260, 33 Hz, 1P). 19F NMR (CD2Cl2, 376.55 

MHz, 298.15 K): δF -78.74 (s). 

 

[9iPr][OTf]: Neat iPrNC (210 mg, 3 mmol) was added at once to a stirred solution of 

[4Me][OTf] (516 mg, 1 mmol) in 4 mL CH2Cl2 at 25 oC to immediately give a reddish brown 

solution. This crude reaction mixture was stirred for 24 h at which point a 31P NMR assay 

showed complete conversion of resonances due to the starting materials to a new AGMX spin 

system. All volatiles were removed under vacuum to yield a brown powder. This powder was 

redissolved in a minimum amount of MeCN, layered with Et2O, and kept at -30 oC for 7 days to 

yield yellow-orange crystals suitable for X-ray crystallography. Three crops of crystals were 

obtained over 7 days, combined after decanting the supernatant from each, and dried under 

vacuum to yield [9iPr][OTf] as a yellow-orange powder. Yield: 305 mg, 52%. Elemental 

analysis (calc./expt.): C – 45.13/44.89, H – 7.92/7.83, N – 2.39/2.57. 1H NMR (CD2Cl2, 300.53 

MHz, 298.15 K): δH 1.20 (d, J = 4.1 Hz, 3H, C3), 1.24 (d, J = 17.0 Hz, 9H, C10/11/12), 1.33 (d, J = 

14.6 Hz, 9H, C10/11/12), 1.33 (m, 3H, C2), 1.44 (d, J = 17.6 Hz, 9 H, C9), 1.48 (d, J = 14.6 Hz, 9H, 

C10/11/12), 2.29 (d, J = 11.6 Hz, 3H, C4), 4.28 (m, J = 5.9 Hz, 2.2 Hz, 1H, C1). 13C{1H} NMR 

(CD2Cl2, 100.63 MHz, 298.15 K):  δC 176.08 (m, J = 87, 36 Hz, C13), 121.5 (q, 1JCF = 321 Hz, 

SO3CF3), 65.9 (dd, 3JCP = 26.5, 19.8 Hz, C1), 38.5 (ddd, 1JCP = 32 Hz, 2JCP = 15 Hz, 3JCP = 3 Hz, 

C5), 37.4 – 36.6 (m, C6/7/8), 32.8 – 32.2 (m, C6/7/8), 31.9 (dt, 2JCP = 15Hz, 3JCP = 5 Hz, C10/11/12), 

31.6 (ddd, 2JCP = 14 Hz, 3JCP = 7, 1 Hz, C10/11/12), 29.8 (ddd, 2JCP = 14.0 Hz, 3JCP = 8, 6 Hz, 

C10/11/12), 26.1 (d, 2JCP = 4 Hz, C9), 23.6 (d, 4JCP = 2 Hz, C3), 23.0 (d, 4JCP = 2 Hz, C2), 8.0 (d, 

1JCP = 21 Hz, C4) 31P{1H} NMR (CD2Cl2, 121.66 MHz, 298.15 K): δP -58.1 (ddd, J = 429, 294, 6 

Hz, P2), -13.0 (ddd, J = 294, 333, 16, P3), 14.9 (ddd, J = 333, 48, 6, P4), 72.1 (ddd, J = 429, 48, 

16 Hz, P2). 19F NMR (CD2Cl2, 282.78 MHz, 298.15 K): δF -78.60 (s). ESI-MS: 436.2563 m/z 

[9iPr]+ (calculated: 436.2575 m/z). 
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[9Pent][OTf]: Prepared employing the same procedure and scale as [9iPr][OTf] but 1-pentyl-

isocyanide (PentNC) was employed instead of iPrNC. The product was characterized in-situ 

without isolation. 1H NMR (CD2Cl2, 499.89 MHz, 298.15 K): δH 0.89 (t, J = 7.0 Hz, 3H), 1.23 

(d, J = 14.9 Hz, 9H), 1.32 (d, J = 14.9 Hz, 9H), 1.42 (d, J = 17.6 Hz, 9H), 1.48 (d, J = 16.8 Hz, 

9H), 2.33 (dd, J = 11.6, 0.8 Hz, 3H), 4.02-4.22 (m, 2H). 13C{1H} NMR (CD2Cl2, 125.71 MHz, 

298.15 K): δC 15.6 (s), 24.1 (s), 27.4 (d, J = 4 Hz), 31.1-31.4 (m), 31.5 (s), 32.2 (s), 33.1-33.4 

(m), 33.6-34.0 (m), 38.22 (ddd, J = 29, 17, 5 Hz), 39.71 (ddd, J = 32, 15, 3 Hz), 40.44 (dd, J = 

23, 14 Hz), 67.8 (dd, J = 27, 21 Hz), 122.8 (q, J = 321 Hz), 180.7 (ddt, J = 85, 38, 6 Hz). 31P{1H} 

NMR (CD2Cl2, 121.66 MHz, 298.15 K):  δP -57.8 (ddd, J = 428, 293, 6 Hz, 1P), -13.1 (ddd, J = 

332, 293, 17 Hz, 1P), 15.9 (ddd, J = 332, 45, 5 Hz, 1P), 71.8 (ddd, J = 426, 45, 17 Hz, 1P). 19F 

NMR (CD2Cl2, 282.78 MHz, 298.15 K): δF -78.60 (s). 

 

[12Cl][OTf]: With exclusion of light, tBuPCl2 (160 mg, 1 mmol), AgOTf (257 mg, 1 mmol), 

and dmap (122 mg, 1 mmol) were combined in 4 mL MeCN and stirred for 24 h. The resulting 

white suspension was filtered to remove AgCl and the filtrate was analysed by 31P NMR 

spectroscopy and found to exhibit a single peak that matched the resonance assigned to 

[12Cl][OTf] in the reaction of [4Cl][OTf] and dmap (see below) The filtrate was concentrated to 

1 mL, layered with Et2O, and kept at -30 oC for 2 days to yield colourless crystals identified as 

[12Cl][OTf] by X-Ray crystallography. Yield: 327 mg, 83 %. Elemental analysis (calc./expt.): C 

– 31.56/31.44, H – 3.31/3.54, N – 9.20/8.89. 1H NMR (CD3CN, 300.53 MHz, 298.15 K): δH 1.09 

(d, J = 16.1 Hz, 9H), 3.22 (s, 6H), 6.72-7.27 (m, 2H), 7.79-8.28 (m, 2H). 13C{1H} NMR 

(CD2Cl2, 100.63 MHz, 298.15 K): 23.8 (d, 2JCP = 20 Hz, C(CH3)3), 39.0 (d, 1JCP = 38 Hz, 

C(CH3)3), 40.5 (s, N(CH3)2), 109.1 (d, JCP = 5 Hz, dmap), 121.3 (q, 1JCF = 323 Hz, OTf), 142.4 

(d, JCP = 20 Hz, dmap), 158.3 (s, dmap). 31P NMR (CD3CN, 121.66 MHz, 298.15 K): δP 158.6 

(s). 19F NMR (CD2Cl2, 282.78 MHz, 298.15 K): δF -78.88 (s). ESI-MS: 245.10 m/z, [12Cl]+. 
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13: This compound was formed by thermal decomposition of [7][OTf] in 1,2-difluorobenzene in 

the presence of 20 equivalents of 1,3-cyclohexadiene and characterized in-situ without isolation. 

1H NMR (C6D6, 499.89 MHz, 298.15 K): δH 1.09 (d, 3JPH = 12 Hz, C9, 9H), 1.29 (d, 3JPH = 12 

Hz, C10, 9H) 1.65 (br s, C5, 2H), 1.86 (br s, C6, 1H),  2.82 (br s, C1, 1H), 2.98 (br s, C4, 1H), 6.01 

(br m, C2 + C3, 2H). See Figure S13 (Supporting Information). 13C{1H} NMR (C6D6, 100.63 

MHz, 298.15 K): δC 23.9 (d, 2JCP = 3 Hz, C6) 25.9 (dd, 2JCP = 23 Hz, 3JCP = 5 Hz, C5), 27.6 (dd, 

1JCP = 29 Hz, 2JCP = 4Hz, C1), 29.8 (dd, 1JCP = 32 Hz, 2JCP = 1 Hz, C4), 28.9-29.4 (m, C7, C8), 

30.1 (dd, 2JCP = 15 Hz, 3JCP = 5 Hz, C9), 31.0 (dd, 2JCP = 15 Hz, 3JCP = 7 Hz, C10), 129.9 (d, 2JCP 

= 6 Hz, C3), 134.5 (dd, 2JCP = 11, 3JCP = 5 Hz, C2). 31P NMR (C6D6, 162.00 MHz, 298.15 K): δP
 -

12.9 (d, 1JPP = 263 Hz, PA), 4.8 (d, 1JPP = 263 Hz, PB). ESI-MS: 273.15 [13+O+H]+. 

 

[(dmap)2PtBu][OTf]2: With exclusion of light, tBuPCl2 (160 mg, 1 mmol), AgOTf (514 mg, 2 

mmol), and dmap (244 mg, 1 mmol) were combined in 5 mL MeCN and stirred for 2 h. The 

resulting white suspension was filtered to remove AgCl. Analysis of the filtrate by 31P NMR 

spectroscopy showed a single peak that matched the resonance assigned to [(dmap)2P
tBu][OTf] 

in the reaction of [4F][OTf] and dmap (see below). The compound was found to be thermally 

labile and decomposed to a brown oil under vacuum precluding isolation. Spectroscopic data for 

a sample stored at -30 oC are as follows: 1H NMR (CD2Cl2, 300.53 MHz, 298.15 K): δH 1.33 (d, 

3JPH = 17.3 Hz, 9H), 3.23 (s, 12H), 7.00 (d, J = 7.8 Hz, 4H), 8.24 (d, J = 7.7 Hz, 4H). 13C{1H} 

NMR (CD2Cl2, 75.57 MHz, 298.15 K): δC 25.8 (d, J = 20.3 Hz), 37.5 (d, J = 31.1 Hz), 40.65 (s), 

109.5 (s), 121.1 (q, 1JCF = 321.1 Hz), 143.9 (s), 157.5 (s). 31P{1H} NMR (CD2Cl2, 121.66 MHz, 

298.15 K):  δP 140.0 (s). 19F NMR (CD2Cl2, 282.78 MHz, 298.15 K): δF -78.50 (s). 

 

Thermal decomposition of [7]+: Solid [7][OTf] (110 mg, 0.2 mmol), neat 1,3-cyclohexadiene 

(160 mg, 2 mmol), and 1,2-difluorobenzene (0.4 mL) were combined in a J-Young NMR tube 

and placed in an 80 oC oil bath for 2 h and then assayed by 31P NMR spectroscopy. Complete 

conversion of [7]+ to [12Me]+, 13, and minor amounts of 2 were detected. Volatiles were 

removed and the residue extracted with benzene and assayed by 31P and 1H NMR. Analysis of 
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the benzene extract by ESI-MS showed the [13+O+H]+ peak at 273.15 m/z due to oxidation 

during data acquisition under ambient atmosphere. Attempts to separate 13 from the small 

amounts of 2 and impurities formed during the reaction were unsuccessful. The 31P and 1H NMR 

spectra of the reaction mixtures and benzene extract are given below. A parallel experiment was 

conducted where [7][OTf] was heated in the absence of 1,3-cyclohexadiene and showed 

conversion to [12Me][OTf] and 2 with no evidence of 13 (see Figure S12, Supporting 

Information). 

 

[12Me][OTf]: This compound was characterized in-situ following the above-mentioned thermal 

decomposition of [7][OTf] in the absence of 1,3-cyclohexadiene in 1,2-difluorobenzene. The 

reaction mixture was dried under vacuum and redissolved in CD2Cl2 for analysis. 1H NMR 

(CD2Cl2, 300.53 MHz, 298.15 K): δH 1.01 (d, 3JPH = 13.8 Hz, 9H), 1.68 (d, 2JPH = 7.2 Hz, 3H), 

3.23 (s, 6 H). 13C{1H} NMR (CD2Cl2, 100.63 MHz, 298.15 K): δC 24.9 (d, 2JCP = 16 Hz, 

C(CH3)3), 32.6 (d, 1JCP = 21 Hz, P-CH3), 40.0 (br s, C(CH3)3), 40.3 (br, s, N(CH3)2), 108.4 (br s, 

dmap), 120.9 (q, 1JCF = 321 Hz, OTf), 144.3 (br d, JCP = 16 Hz, dmap), 157.4 (s, dmap). 19F 

NMR (CD2Cl2, 282.78 MHz, 298.15 K): δF -78.91 (s). ESI-MS: 225.15 m/z, [12Me]+. 

 

X-ray crystallography: X-ray diffraction experiments on [5Me][OTf], [5Ph][OTf]•Et2O, 

[8iPr][OTf] and [12Cl][OTf] were carried out at 100(2) K on a Bruker APEX II CCD 

diffractometer using Mo-Kα radiation (λ = 0.71073 Å), while [9iPr][OTf] was carried out at 

100(2) K Bruker Microstar CCD rotating anode diffractometer using Cu-Kα (λ = 1.54178 Å). 

Intensities were integrated78 and absorption corrections were based on equivalent reflections 

using SADABS.79 Structures [5Me][OTf], [5Ph][OTf]•Et2O, [8iPr][OTf] and [12Cl][OTf] were 

solved using Superflip,80 while [9iPr][OTf] was solved in ShelXT using intrinsic methods81  all of 

the structures were refined against F2 in SHELXL81,82 using Olex2.83 All of the non-hydrogen 

atoms were refined anisotropically. All of the hydrogen atoms were located geometrically and 

refined using a riding model.  In the case of [5Ph][OTf]•Et2O, [9iPr][OTf] and [12Cl][OTf] 

there was disorder in one of the triflate anions. The occupancies of the fragments was determined 

by refining them against a free variable with the sum of the two sites set to equal 1. The 

occupancies were then fixed at the refined values, and restraints and constraints were used to 

maintain sensible geometries and thermal parameters. In the case of [5Ph][OTf]•Et2O the diethyl 
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ether was disordered over two positions across the c glide the occupancies of these two positions 

was 50%.  Crystallographic data for compounds [5Me][OTf], [5Ph][OTf]•Et2O, [8iPr][OTf], 

[9iPr][OTf] and [12Cl][OTf] have been deposited with the Cambridge Crystallographic Data 

Centre as supplementary publication CCDC 1510725-1510729. Copies of the data can be 

obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK 

[fax(+44) 1223 336033, e-mail: deposit@ccdc.cam.ac.uk]. Crystal structure and refinement data 

are given in Table S5 (see Supporting Information). 

 

Computational details: All calculations were performed using the Gaussian 09 suite.84 A 

benchmarking study was performed using experimental bond lengths in three-membered 

phosphorus rings 1 and [3Me]+ (see Supporting Information). The functionals investigated were 

selected based on previous use in related systems.27 The geometries of both 1 and [3Me]+
 were 

optimized in the gas phase (298 K) with various basis set/functional combinations. GD3 

dispersion was employed in all cases with the exception of MP2 calculations. The starting 

geometry used in all benchmarking optimizations was that previously obtained experimentally 

by single crystal X-ray diffraction. Values of d(P–P) show a small degree of functional 

dependence, with PBE1PBE yielding the closest match to experimental bond lengths. Despite the 

basis set 6- 311G(d,p) yielding the most accurate results with respect to d(P–P), the basis set 6- 

311+G(d,p) was selected for this computational study in order to enable future continuation to 

anionic species, where basis sets with diffuse functions are essential. 

 

Volume-based thermodynamics: Lattice enthalpies were estimated from the relationship 

between lattice volumes and energies as generalized by Jenkins, Passmore and Glasser52,53 as per 

the following equation: 

𝐻𝑙𝑎𝑡. = 2𝐼 (
𝛼

√𝑉𝑚
3

+ 𝛽) + 𝑝RT 

I is the ionicity, which is unitary for singly-charged salts of the type [A][X]. The molar volume, 

Vm (in nm3) was obtained experimentally from X-ray crystallography by dividing the unit cell 

volume by the number of formula units within the cell. The quantities α and β are empirical 

parameters determined to be 117.3 kJ mol-1 nm and 51.9 kJ mol-1, respectively, from least-

squares analysis of experimentally known lattice enthalpies for singly charged salts and their 



 

 

 

37 

ionic volumes. The first expression in the above equation represents the lattice potential at 0 K, 

Ulat.. Conversion of Ulat. to Hlat. is accomplished by a thermal correction, pRT, which includes a 

consideration of the ionic shapes via the prefactor p to account for number of accessible 

vibrational modes. For salts containing non-linear polyatomic ions, as in the case of all species 

considered here, p equals 2, R is the gas constant (8.314x10-3 kJ mol-1 K-1), and T is the standard 

temperature 298.15 K. The lattice enthalpies of [3Me][OTf] and [5Me][OTf] are 397 kJ mol-1 

and 380 kJ mol-1, respectively, with errors estimated to be 4% for salts having Hlat. < 5000 kJ 

mol-1. 

Jenkins and Glasser have also demonstrated54 the good proportionality (r2 = 0.90, n = 65) of 

lattice entropies and the molar volume, Vm (in nm3), for ionic solids as per the following 

equation: 

𝑆𝑙𝑎𝑡. = 𝑘𝑉𝑚 + 𝑐 

Here, k and c are empirical parameters determined from least-squares analysis of known lattice 

entropies and volumes to be 1360 J K-1 mol-1 and 15 J K-1 mol-1, respectively. The resulting Slat. 

values for [3Me][OTf] and [5Me][OTf] are 752 J mol-1 K-1 and 798 J mol-1 K-1, respectively, 

with an estimated error of 11 %. 
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Synopsis: Ring strain and bond-polarization are both required for the addition of homoatomic P-P bonds to 

polar unsaturated substrates. The addition of P-P bonds to the C≡N triple bond is reported along with the 
insertion of isonitriles to P-P bonds. These findings pave the way for the synthesis of new phosphorus 
containing ligands and provide broad insight into the chemistry of inorganic homocycles, including new 
strategies for activating nonpolar inorganic bonds. 


