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To my family  



Preface 

 

During the period of this thesis (January 2012 ï October 2015) some results have 

already been published (vide supra). These are also summarized in the present work, 

reprinted with permission of the respective scientific publisher. The corresponding 

license numbers are given at the end of the particular chapters.  

At the beginning of each chapter a list of authors, who contributed to the respective 

part, is given. In addition, each chapter contains the section óauthor contributionsô, which 

accurately describes the extent of involvement. If results from collaborations are in part 

also discussed in other theses, it is stated there.  

 

To ensure a uniform design of this work, all chapters are subdivided into óIntroductionô, 

óResults and Discussionô, óConclusionô, óReferencesô, óSupporting Informationô and 

óAuthor Contributionsô. Furthermore, all chapters have the same text settings and the 

compound numeration begins anew. Due to different requirements of the journals and 

different article types, the presentation of figures for single crystal X-ray structures or the 

óSupporting Informationô may differ. In addition, a general introduction is given at the 

beginning and a comprehensive conclusion of all chapters is presented at the end of this 

thesis. 

 

 



 
I Table of Contents 

Table of Contents 

 

1. Introduction .................................................................................... 1 

1.1 Isoelectronic relationship between organic CC-groups/units and group 

13/15-compounds ............................................................................................... 2 

1.2 Amine- and phosphine-borane adducts - valuable starting materials for 

oligomers and inorganic polymers ................................................................... 4 

1.3 Frustrated Lewis Pairs (FLPs) ï activation of small molecules ...................... 7 

1.4 Synthesis of monomeric and oligomeric compounds of the type 

[R2EôERô2] ............................................................................................................ 8 

1.5 Heavier Congeners .......................................................................................... 10 

1.6 Syntheses and studies of the reactivity of only hydrogen-substituted 

Pnictogenyltrielanes ........................................................................................ 11 

1.7 References........................................................................................................ 13 

2. Research Objectives .................................................................... 18 

3. Metal-Free Addition/Head-to-Tail Polymerization of Transient 

Phosphinoboranes, RPH-BH2: A Route to 

Poly(alkylphosphinoborane)s ..................................................... 20 

3.1 Introduction ...................................................................................................... 21 

3.2 Results and Discussion ................................................................................... 22 

3.3 Conclusion ....................................................................................................... 27 

3.4 References........................................................................................................ 28 

3.5 Supporting Information ................................................................................... 31 

3.6 Author Contributions ....................................................................................... 51 

4. Cationic Chains of Phosphanyl- and Arsanylboranes .............. 52 

4.1 Introduction ...................................................................................................... 53 

4.2 Results and Discussion ................................................................................... 54 

4.3 Conclusion ....................................................................................................... 58 

4.4 Referenecs........................................................................................................ 59 



 

 

II Table of contents 

4.5 Supporting Information ................................................................................... 61 

4.6 Author Contributions ....................................................................................... 78 

5. Cationic chains of Arsanylboranes and substituted 

Phosphanylboranes .................................................................... 79 

5.1 Introduction ...................................................................................................... 80 

5.2 Results and Discussion................................................................................... 81 

5.3 Conclusion ....................................................................................................... 89 

5.4 References ....................................................................................................... 90 

5.5 Supporting Information ................................................................................... 91 

5.6 Author Contributions ..................................................................................... 101 

6. Anionic Chains of Parent Phosphanylboranes ....................... 102 

6.1 Introduction .................................................................................................... 103 

6.2 Results and Discussion................................................................................. 104 

6.3 Conclusion ..................................................................................................... 110 

6.4 References ..................................................................................................... 110 

6.5 Supporting Information ................................................................................. 113 

6.6 Author Contributions ..................................................................................... 134 

7. Coordination of Boron centered Lewis Acids by 

organosubstituted Phosphanylboranes .................................. 136 

7.1 Introduction .................................................................................................... 137 

7.2 Results and Discussion................................................................................. 138 

7.3 Conclusion ..................................................................................................... 140 

7.4 References ..................................................................................................... 140 

7.5 Supporting Information ................................................................................. 141 

7.6 Author Contributions ..................................................................................... 147 

8. Oxidation of the substituted Phosphanylboranes Ph2Pï

BH2·NMe3 and tBuHPïBH2·NMe3 with chalcogens................... 148 

8.1 Introduction .................................................................................................... 149 



 
III Table of Contents 

8.2 Results and Discussion ................................................................................. 150 

8.3 Conclusion ..................................................................................................... 160 

8.4 References...................................................................................................... 161 

8.5 Supporting Information ................................................................................. 162 

8.6 Author Contributions ..................................................................................... 176 

9. Isolation and characterization of Lewis Base stabilized 

monomeric parent Stibanylboranes ......................................... 177 

9.1 Introduction .................................................................................................... 178 

9.2 Results and Discussion ................................................................................. 179 

9.3 Conclusion ..................................................................................................... 183 

9.4 References...................................................................................................... 183 

9.5 Supporting Information ................................................................................. 186 

9.6 Author Contributuions ................................................................................... 203 

10. Coordination of Pnictogenylboranes towards 

monovalent coinage metal cations ........................................... 205 

10.1 Introduction .................................................................................................... 206 

10.2 Results and Discussion ................................................................................. 207 

10.3 Conclusion ..................................................................................................... 212 

10.4 References...................................................................................................... 213 

10.5 Supporting Information ................................................................................. 214 

10.6 Author Contributions ..................................................................................... 226 

11. Thesis Treasury .................................................................. 227 

11.1 Alternative synthesis of the pnictogenylboranes H2EBH2·NMe3 (E = P, 

As) ................................................................................................................... 227 

11.2 Phosphonium salts of Phosphanylboranes and related species ............... 228 

11.3 Cleavage of [tBuHPBH2]n with N-heterocyclic carbenes and synthesis of 

the monoaryl-substituted Phosphanylborane HPhPBH2·NMe3 ................... 232 

11.4 Synthesis of IAlH2·NMe3 ................................................................................ 240 



 

 

IV Table of contents 

11.5 Synthesis of Lewis Base stabilized monoiodoboranes IBH2·LB (LB = 

dmap, NH3) ..................................................................................................... 243 

11.6 H2PBH2ïH2PBH2·NMe3, H2PBH2ïH
tBuPBH2·NMe3 and the longer cationic 

chain [Me3N·H2BïP
tBuHïH2BïPH2ïBH2ïH2PïBH2ïH

tBuPïBH2·NMe3]
+Iī .... 245 

11.7 Synthesis of (Me3Si)2BiïBH2·dmap ............................................................... 251 

11.8 Synthesis of the Tl complexes [Tl(H2EïBH2·NMe3)3]
+[Tef]ī (E = P, As) 

and [Tl]+[Tef]ī mediated P-P coupling .......................................................... 254 

12. Conclusion .......................................................................... 266 

12.1 Poly(phosphinoborane)s ............................................................................... 266 

12.2 Comparative studies of the substituted Phosphanylboranes .................... 267 

12.3 Cationic oligomers of Arsanyl- and Phosphanylboranes ........................... 269 

12.4 Anionic oligomers of Phosphanylboranes ................................................... 271 

12.5 Heavier analogs of the Pnictogenylboranes ................................................ 272 

12.6 Coordination towards Cu+, Ag+ and Tl+ ........................................................ 274 

13. Appendices ......................................................................... 277 

13.1 Alphabetic List of Abbreviations .................................................................. 277 

13.2 Acknowledgments ......................................................................................... 280 

 



 





 
1 

1. Introduction 

One of the first reports on a group 13/15 compound ï the ammonia-borane adduct 

H3N·BF3 by Gay-Lussac ï dates back over 2 centuries.[1] Several decades later in 1890, 

the first phosphine-borane adduct H3P·BCl3 was reported by Besson.[2] The high 

importance of those kind of borane adducts on materials sciences is reflected by 

numerous publications and review articles, which have been published on this topic over 

the last decade.[3] Since those initial studies, a great variety of Lewis acid/base (Ḭ LA/LB) 

adducts (Figure 1, type I, Eô = group 13 element, E = group 15 element) has been 

synthesized and characterized. Besides the simple 1:1 LA/LB adducts, also 

hypercoordinated adducts (Figure 1, type II) which contain five-coordinated group 13 

element centers, were thoroughly studied. Apart from the LA/LB adducts, organometallic 

group 13/15 compounds show a broad variety of different monomeric, heterocyclic and 

cage-like structural motifs of the type [R2EôERô2]x (Figure 1, types III - IV) and [REôERô]x (x 

Ó 2) (Figure 1, types VI - VIII) (R, Rô = H, F, Cl, Br, I, alkyl, aryl) containing regular ů-

bonds consisting of 2-electron-2-center-bonds between the group 13 and the group 15 

elements.[4] 

 

Figure 1. Different structural motifs for group 13/15 compounds. 
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Besides the pure academic interest of group 13/15 compounds they can be used for 

different applications. Binary group 13/15 materials for instance possess semiconducting 

properties and are often implemented in opto- and micro-electronic devices.[5] These so 

called III-V materials are deposited as thin films on substrates via the MOCVD 

(metalorganic chemical vapor deposition) process. This process was introduced by 

Manasevit in 1968,[6] describing the deposition of GaAs by thermolysis of GaEt3 and 

AsH3. GaAs has several applications in the industry, due to its desirable semiconducting 

properties.  

In contrast small molecular units like H3N·BH3 are in the focus of current research. 

The high hydrogen content (up to 19.6 wt-%) makes them to ideal candidates for 

hydrogen storage purposes.[7] To accentuate the significance of this class of compounds, 

the most important aspects of group 13/15 compounds will be discussed in the following 

separate chapters.  

1.1 Isoelectronic relationship between organic CC-

groups/units and group 13/15-compounds 

 
Figure 2. Structural and electronic relationship between containing compounds BN- and CC-units. 

The combination of an atom of group 13 and group 15 of the periodic table is 

isoelectronic compared to a C-C bond, as both possess 8 valence-electrons. This will be 

described in the following for the example of boron-nitrogen (BN) compounds.[8] The 

structure of BN compounds is essentially identical to the corresponding C-C compounds. 

In all examples the same arrangements of the hydrogen substituents and a slightly 
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elongated B-N bond length (compared to the corresponding C-C compound) can be 

observed (ȹr ~ 0.04 Å). Due to the differences in electronegativity (ENB = 2.0, ENN = 3.0, 

ȹENNB = 1.0) BN compounds exhibit polarized bonds. Calculations have shown, that only 

about 0.2eī are transferred to the boron atom, which means, that most of the electron 

density is localized on the nitrogen atom.[9] Although the BN compounds are isolobal to 

C-C compounds, the polarization of the B-N-bond leads to different properties and an 

altered chemical behavior. While ethane is a gas at ambient conditions, the ionicity in 

H3N·BH3 is responsible, that the latter is a solid. Borazine (B3N3H6), the inorganic 

benzene ï reported in 1926 by Pohland and Stock[10] ï, which was a milestone for 

inorganic chemistry, has similar features like benzene, as it is a clear colorless liquid, 

exhibiting a typical aromatic odor. However the aromaticity is lower and borazine is more 

prone towards hydrolysis and easily undergoes addition reactions with e.g. 

hydrochloride. Upon coordination to transition metals the initial planar geometry of 

borazine is rearranged to a chair-like conformation exhibiting ɖ3-coordination of the 

nitrogen atoms towards the metal center, in contrast to benzene, which forms ɖ6-

complexes. In the solid state some BN compounds exhibit similar physical properties. Ŭ-

boron nitride for instance exhibits a comparable layered structure as graphene and can 

be used as a high temperature lubricant or as a coating for high-temperature 

applications, whereas in contrast ɓ-boron nitride possesses a diamond type lattice and is 

classified as one of the hardest materials and is applied for the fabrication of abrasives.  

An interesting difference is, that in the case of [R2EôïERô2] (R = H or small organic 

substituent) the group 15 element possesses an accessible lone pair in combination with 

a vacant p-orbital at the group 13 element. While the organic analog ethylene is stable 

under ambient conditions, these group 13/15 compounds (Figure 3, I) are very fragile 

towards head-to-tail-polymerization or oligomerization. This can be prevented if sterically 

demanding substituents are present (for example Ph2PïBMes2, Figure 3, II)[11] or by 

donor-acceptor- (LA/LB-) or only LB-stabilization, which will be discussed in more detail 

in a later chapter. 

 
Figure 3. Polymerization and stabilization of monomers of the type [R2EôERô2]. 
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1.2 Amine- and phosphine-borane adducts - valuable 

starting materials for oligomers and inorganic polymers 

As mentioned before, one of the first amine-borane adducts was discovered over 2 

centuries ago. However, it was not until 1937 that Me3N·BH3 was reported by Burg and 

Schlesinger as the first amine-borane containing exclusively hydride substituents on the 

boron atom.[12] Recently, compounds of this type, and particular H3N·BH3 experienced 

growing interest, as they are seen as possible hydrogen storage materials because of 

their high hydrogen content.[3] Especially dehydrocoupling reactions of amine- and 

phosphine-borane adducts, either induced thermally or with metal catalysts have been 

intensively studied. The first dehydrocoupling reaction of amine-boranes was mentioned 

in 1989.[13] However, the first  detailed study of a catalytic reaction was published in 1999 

by Manners and coworkers. The dimerization of the group 13/15 adduct Ph2HP·BH3 was 

achieved with the transition metal catalysts [Rh(1,5-cod)2][OTf] and {Rh(1,5-cod)(ɛ-Cl)}2 

(1,5-cod = cycloocta-1,5-diene) (Figure 4).[14] 

 
Figure 4. Rh(I) mediated dehydrocoupling of Ph2HP·BH3. 

The first detailed report on a truly catalytic dehydrocoupling of amine-boranes focused 

on Rh(I) and Rh(III) based catalysts.[15] Subsequently, the reaction was further explored 

and [Rh(1,5-cod)(ɛ-Cl)]2 proved to be the most effective catalysts.[16]  Secondary amine-

borane adducts tend to form cyclic dimers [RǋRǋǋNBH2]2 upon dehydrocoupling (Figure 5, 

I). In the case of bulky substituents on nitrogen, the corresponding aminoborane 

monomer can also be obtained (figure 5, II). Primary amine-borane adducts initially form 

cyclotriborazanes, which readily loose H2 upon heating and are transformed into 

borazines (Figure 5, III). 
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Figure 5. Dehydrocoupling of primary and secondary amine-boranes. 

Since then, significant efforts have been taken to search for alternative catalysts. 

Another very effective catalytic system is based on Cp2Ti, generated in situ from 

Cp2TiCl2 with 2 equivalents of nBuLi.[17] The secondary amine-borane adducts 

Me2NH·BH3 and iPr2NH·BH3 were successfully dehydrogenated by Cp2Ti already at 

room temperature to form quantitatively the same products as the Rh(I) catalyst. 

However, this system was completely inactive towards ammonia-borane and it showed 

only negligible reaction rates towards primary amine-boranes. In 2007 several titanium 

and zirconium sandwich complexes were investigated towards their catalytic activity in 

dehydrocoupling reactions of amine-boranes.[18] Among these the best results enabled 

the dehydrocoupling of Me2HN·BH3 at 23 °C within minutes. Besides small oligomeric 

cyclic poly(aminoborane)s (PABs), linear polymers can be obtained as well. The parent 

poly(aminoborane) [H2NïBH2]n is probably the most investigated polymer in this class of 

materials. It has been claimed to be a thermal decomposition product of H3N·BH3. 

Pyrolysis at temperatures between 150 and 180 °C produces NH2=BH2 as an 

intermediate, which rapidly polymerizes to give [H2NïBH2]n. Due to the insolubility in all 

organic solvents, the postulated polymeric product could not be confirmed in those 

studies. In 2006, it was shown, that H3N·BH3 could be very efficiently dehydrocoupled 

using Brookhartôs [IrH2(POCOP)] catalyst (POCOP = [ɛ3-1,3-(OPtBu2)2C6H3]).
[19] The 

resulting insoluble product was postulated to be a cyclic pentamer [H2NïBH2]5. However, 

reinvestigation of the same reaction in more concentrated solutions by the Manners 

group, suggests the formation of a polymeric material.[20] Furthermore it was found that 

similar reactions of N-monoalkylamine-borane adducts in concentrated solutions yield 
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soluble linear PABs, while lower concentrations lead to the formation of oligomers.[20,21] 

Very recently the metal-free H2-transfer between amine-borane and aminoboranes was 

also described.[22] Denis and Gaumont reported on the LA-catalyzed dehydrocoupling of 

H3P·BH3 giving the parent polymer of the poly(phosphinoboranes) (PPB) [H2PïBH2]n. 

Since H3P·BH3 is thermally not stable, it had to be generated in situ by bubbling PH3 and 

B2H6 through a solution of B(C6F5)3. Elevated temperatures lead to polymerization of the 

monomer H3P·BH3 under loss of dihydrogen. NMR analysis of the product suggests a 

polymeric structure, but the material was not characterized by high resolution mass 

spectrometry or IR, due to its high sensitivity. The reaction of B(C6F5)3 with the 

PhPH2·BH3 monomer leads to the formation of poly(phenylphosphinoborane) [PhHPï

BH2]n. NMR analysis is consistent with [PhHPïBH2]n concomitant with poorly resolved 

peaks which had been observed for the thermal polymerization of PhPH2·BH3.
[23] The 

first soluble, high molecular weight PPB was reported 4 years before in 1999.[14] When 

PhPH2·BH3 was reacted with a Rh(I) catalyst in the absence of a solvent [PhHP-BH2]n 

was cleanly formed. The average molecular weight of 31.000 Da was confirmed by static 

light scattering. When no catalyst is used the obtained molecular weight was 

considerably lower,[14] the reaction is less clean[24] and the resulting polymer is only 

poorly soluble in THF.[25] The PPBs are reasonably stable toward air and moisture in the 

solid state. Since those initial reports on high molecular weight PPBs a wide range of 

substituted PPBs has been synthesized.[26] Very recently, it was shown, that an earth 

abundant Fe-catalyst can also be used for the synthesis of PPBs with control of the 

molecular weight of the resulting polymers.[27] A variety of transition metal catalysts 

(Ru,[28] Pt,[29] Ir,[30] Ni,[31] Cu-Co-particels[32] and transition-metal-nanoparticels[33]) were 

studied and the mechanisms of the dehydrocoupling reactions (mainly for amine-

boranes) were elucidated. Recent studies of the coordination chemistry of phosphine-

borane ligands at d-block metal centers allowed the elucidation of the fundamental P-B 

bond formation processes leading to dehydrogenative oligomerization and 

polymerization.[34] Those studies revealed a two-fold role for P-H bonds: the activation of 

the P-H bond by metal centers to form metal-phosphidoborane intermediates, and the 

promotion of dehydrogenative coupling of P-H (protic H) with B-H (hydridic H) to release 

dihydrogen under formation of a P-B bond.[27a,34] However, as P-H bonds are nearly non-

polar (electronegativity: P = 2.19, H = 2.20),[35] catalytic dehydrocoupling routes rely on 

electron withdrawing effects from aryl groups on phosphorus to promote the reaction, 

resulting in a relatively limited substrate scope. The only examples of 

poly(alkylphosphinoboranes) (alkyl = electron donating group), which have been 

prepared by the dehydrocoupling of iBuPH2·BH3
[25] and FcCH2PH2ĀBH3

[36] in the presence 

of Rh(I) catalysts are of modest molar mass. Although Rh(I) catalyzed reactions 
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generally lead to appreciable chain branching and crosslinking the 

poly(alkylphosphinoboranes) obtained from this reactions revealed a very high 

polydispersity index (PDI) value (e.g. > 5).[25] PABs are discussed as preceramic 

materials which could be processed into a desired shape and then pyrolyzed to give 

hexagonal boron nitride (Ŭ-boron nitride). A potential application for PPBs is as well their 

use as precursors for boron phosphide monoliths and fibers. Boron phosphide has 

significant interest due to its semiconducting properties.[37] Polymer films based on [(p-

CF3C6H4)PH-BH2]n were successfully tested for a potential application in electron beam 

lithography.[38]  

1.3 Frustrated Lewis Pairs (FLPs) ï activation of small 

molecules 

It is well-known, that electron-deficient Lewis acids and electron-rich Lewis bases 

form strong adducts. Lewis described this behavior already in 1923, which is very typical 

for compounds consisting of electron-pair-donors and electron-pair-acceptors.[39] Very 

characteristic for LAs are energetically low-lying lowest unoccupied molecular orbitals 

(LUMOs) which consequently can interact with the vacant electron-pairs of LBs which 

are typically located in the energetically high-lying highest occupied molecular orbital 

(HOMO). In 1942 Brown and co-workers investigated the behavior of different simple 

boranes towards lutidine (2,6-dimethylpyridine) as a base. While lutidine readily reacted 

with BF3 to yield a LA/LB adduct, no reaction was observed for BMe3.
[40] This observation 

was attributed to the steric repulsion of the methyl groups, but no further investigations 

were made. Few years later, the special nature of Lewis pairs with sterically demanding 

substituents, which do not form classical LA/LB adducts was also observed by Wittig and 

Tochtermann, leading to the introduction of the German term ñantagonistisches Paarò.[41] 

If an interaction between the group 13 and the group 15 element is inhibited by sterically 

demanding substituents, nowadays such compounds are entitled as ñfrustrated Lewis 

pairsò (FLPs). This term was primarily influenced by Stephan, who subsequently 

explored the chemistry of those FLPs and initially reported on the FLP-System 

(Me3C6H2)2PC6F4B(C6F5)2 (Figure 6). This famous example, which exhibits a LA site and 

a LB site in one molecule, is able to cleanly cleave dihydrogen under ambient conditions 

giving a zwitterionic phosphonium/hydridoborate.[42] This reaction is reversible and by 

heating up of this system H2 can be liberated. 
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Figure 6. Reversible H2-activation by FLP-System. 

Subsequently, it was shown, that intermolecular systems of bulky phosphines and 

perfluorinated boranes can also be used as FLPs (Figure 7, I).[43] Erker reported on an 

ethylene-bridged FLP, which was also capable to cleave dihydrogen at room 

temperature (Figure 7, II).[44] 

 
Figure 7. Inter- and intramolecular FLP-Systems. 

Since those first examples for a metal-free H2-activation the chemistry involving FLPs 

showed remarkable developments. Two recent reviews show the high capability of those 

FLP systems.[45] Recent reports include hydrogenation of a big variety of different 

substrates, capture of CO2, SO2, N2O, reduction of CO and the promotion of 

polymerization reactions. Lammertsma reported on preorganized FLPs which are 

capable of the activation of small molecules without perfluorinated substituents.[46] 

Besides P/B based FLPs, P/Al based system are also well known and are investigated 

with major contribution by Uhl and coworkers.[47] Stephan et al. reported very recently on 

a N/B based system for the hydrogenation of CO2.
[48] 

1.4 Synthesis of monomeric and oligomeric compounds of 

the type [R2EôERô2] 

The following chapters focus on the synthesis of the pnictogenyltrielanes. This term 

describes compounds of the general formula [R2EôERô2]x. Different methods for the bond 

formation between a group 13 and a group 15 element are known.[49] A feasible and 
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probably the most used method is the salt metathesis reaction, as illustrated in figure 8 

for phosphinoboranes. Most commonly a salt metathesis starting from haloboranes R2BX 

(X = halogen) and metal phosphides Rǋ2PM (M = alkaline metal) is used (Figure 8, route 

I).[50] Recently Gudat and coworkers reported on the utilization of a B-centered 

nucleophile in the reaction of a lithio-borane and a chlorophosphine (Figure 8, route II).[51] 

Another possibility is the elimination of Me3SiCl (Figure 8, III).[52] This route was also 

extended to the synthesis of diborylphosphines (RôP(BR)2) and the first triborylphosphine 

(P(BR)3).
[53] Pd-catalysed cross-coupling (Pd-catalysed PïB coupling reaction)[54] and 

reductive coupling under 1,2-aryl migration have also been described,[55] although these 

are not widely used. 

 
 Figure 8. Salt metathesis and Me3SiCl-elimination reaction for the synthesis of phosphinoboranes. 

The heavier group 13 elements readily form EôïE bonds under elimination of H2 

(Figure 9, I),[56] HSiMe3 (Figure 9, II) [57] or alkanes (Figure 9, III).[58] 
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Figure 9. Synthesis of group 13/15 compounds via elimination reactions. 

Additionally monomeric group 13/15 compounds can be obtained by cleavage of 

oligomeric and polymeric species. Manners and coworkers reported on the cleavage of 

PABs with N-heterocyclic carbenes (NHC)s, resulting in the formation of the monomeric 

H2NïBH2·NHC, [59] which could only be characterized by NMR spectroscopy and mass 

spectrometry. Rivard and coworkers reported on the synthesis and characterization of 

LA/LB stabilized H2BïNH2 which was generated by treating ɛ-aminodiborane, H2NB2H5
 

with the strong LB dmap.[60] Preliminary results from Adolf in the Scheer group showed, 

that cleavage of poly(phenylphosphinoborane) can be achieved by strong LBs like dmap 

or NHCs.[61] 

1.5 Heavier Congeners 

The research in the field of heavier elements of group 13 and 15 is mainly dominated 

by solid state chemistry and utilization of III-V materials as semiconductors. However, it 

has to be emphasized, that current research also focuses on heavier group 13/15 

molecular compounds. Over the last years compounds containing most of the 

combinations of group 13/15 elements could be synthesized. The combination of P and 

Al/Ga or As and B, respectively prepared in the Scheer group will be described in the 

following chapter. Examples for the combination of As/Al and Ga are the trimeric 

arsinoalane [Ph2AsïAlMe2]3·(C7H8)2
[62] and the dimeric arsinogalane [Ph2AsïGaMe2]2 
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(Figure 10, I).[63] The combinations Sb/Bi and Al/Ga are described by Schulz et al.. In 

[(nacnac)Eô(EEt2)2] (Eô = Al, Ga; E = Sb, Bi) those compounds are stabilized by a 

nacnac-ligand with two 2,6-diisopropylphenyl groups (Figure 10, II, nacnac = ɓ-

diketiminate).[64] Besides the three LA/LB adducts of the type (SiMe3)3Sb·BX3 (X = Cl, Br 

or I)[65] no compounds are known containing a covalent SbïB bond. Very recently, Jones 

et al. reported on the synthesis of a boryl-dibismuthene containing a boron-bismuth bond 

(Figure 10, III).[66] 

 

Figure 10. Examples for compounds containing combinations of heavier group 13/15 elements. 

1.6 Syntheses and studies of the reactivity of only 

hydrogen-substituted Pnictogenyltrielanes 

In 2001, our group was able to generate the highly sensitive and elusive monomeric 

parent compound of the phosphanylalanes and -galanes by LA/LB stabilization in 

(OC)5W·H2PïEôH2·NMe3 (Figure 11, I) by H2 elimination of (OC)5W·PH3 and H3Eô·NMe3 

(Eô = Al, Ga).[56] The monomeric LA/LB stabilized phosphanylalanes could also be 

transformed into dimers, trimers and tetramers in a controlled manner via oligomerisation 

of the monomers.[67] Some years later, stabilization of the monomeric parent compound 

of the phosphanyl- and arsanylboranes (OC)5W·H2EïBH2·NMe3 (Figure 11, II) could be 

realized by salt metathesis of [(OC)5W·EH2Li] and ClH2B·NMe3 (E = P, As).[68] Finally, the 

only LB stabilized parent compound of H2PïBH2·NMe3 was prepared by photolytic 

treatment of a solution of (OC)5W·H2EïBH2·NMe3 and P(OMe)3 (Figure 11, IV, E = P).[69] 

Subsequently, several examples of different LA/LB stabilized phosphanylboranes were 

prepared.[70] A new, convenient salt metathesis with [(Me3Si)2ELi·2thf] and ClH2B·NMe3 

afforded (Me3Si)2EïBH2·NMe3 (E = P, As; Figure 11, III). The silylated compounds can 

easily be transferred into the only LB stabilized monomeric parent phosphanylborane 

and for the first time the access to the only LB stabilized arsanylboranes H2EïBH2·NMe3 

(E = P, As) has been achieved (Figure 11, IV). This new route allowed to study the 
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reactivity of the only LB stabilized pnictogenylboranes in detail, since they can be 

prepared on gram scale.[71] The oligomerization of H2PïBH2·NMe3 by titanocene was 

achieved, forming B/P containing compounds with up to 12 B/P atoms.[72] Preliminary 

studies by Schwan in the Scheer group on the thermolysis of H2PïBH2·NMe3 led to the 

elimination of NMe3 and the resulting intermediate phosphinoborane [H2PïBH2] readily 

polymerized to give the parent polymer of the PPBs.[73] Those studies were continued by 

Stauber of our group and transferred to the monoalkyl-substituted phosphanylborane 

MeHPïBH2·NMe3.
[74] It was shown, that reaction with iodo-boranes can also lead to 

smaller cationic oligomeric units. Also for the first time anionic species were observed in 

NMR spectroscopy and mass spectrometry experiments. 

 
Figure 11. Selected examples of pnictogenyltrielanes. 
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2. Research Objectives 

Since the simple thermolysis of the parent compound H2PïBH2·NMe3 appears to be a 

promising route for the synthesis of PPBs, this type of polymerization should be 

reinvestigated within the scope of this thesis. The new method would represent a scarce 

example of an addition-polymerization. To allow a proper characterization of the obtained 

products, substituents should be introduced on the phosphorus atom to increase the 

solubility. The polymerization of new alkyl- and aryl-substituted phosphanylboranes 

should be investigated in close collaboration with the Manners group (Bristol, UK). To 

accomplish this goal, following tasks arise: 

¶ Synthesis of organo-substituted phosphanylboranes R1R2PïBH2·NMe3 (R1, R2 = 

H, alkyl, aryl). 

¶ Polymerization/oligomerization of the parent and organo-substituted 

phosphanylboranes and characterization of the obtained products. 

¶ Investigation of the reactivity of the substituted phosphanylboranes to ensure the 

comparability with the parent compound (e.g. oxidation with chalcogens and 

coordination of main group LAs). 

Another goal of this work was the synthesis of small oligomeric units containing PB 

chains. Smaller oligomeric units are expected to show a higher solubility than the 

corresponding PPBs and enable a proper characterization. To achieve this, other 

research objectives of this work are: 

¶ Generation of suitable BH2
+ building blocks which allow the synthesis of cationic 

compounds containing linear BE-chains (E = P, As).  

¶ Experiments on the displacement of the LB by a variety of anionic phosphanides 

which should result in the formation of compounds exhibiting linear, anionic PB 

chains.  

A new and convenient one-pot reaction was developed allowing the generation of 

H2AsïBH2·NMe3 in gram scale. The pnictogenylboranes of the heavier congeners 

antimony and bismuth however remain unknown to date. Therefore another important 

aspect of this work was:  

¶ Development of a new method which allows the bond formation between Sb and 

B or Bi and B, respectively.  

¶ Isolation and characterization of the parent compounds H2EïBH2·LB (E = Sb, Bi). 
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The major parts of the investigations on the pnictogenylboranes are based on 

reactions with main group compounds or early transition metals. In the reaction with 

Cu(I)I novel clusters were obtained. To study if reaction with monovalent ï especially late 

transition - metal cations, allows the generation of new coordination compounds 

following investigations have to be made:  

¶ Reactivity studies of the pnictogenylboranes towards Cu(I), Ag(I) and Tl(I) 

cations.  

¶ Synthesis of homoleptic complexes and coordination polymers with weakly 

coordinating anions. 

 



 

 

20 Metal-Free Addition/Head-to-Tail Polymerization of Transient Phosphinoboranes, RPH-BH2 

3. Metal-Free Addition/Head-to-Tail Polymerization of 

Transient Phosphinoboranes, RPH-BH2: A Route to 

Poly(alkylphosphinoborane)s 

 

C. Marquardt, T. Jurca, K.-C. Schwan, A. Stauber, A. V. Virovets, G. R. Whittell, I. 

Manners and M. Scheer

 

 

 

 

 

 

 

 

 

Abstract: Mild thermolysis of Lewis base-stabilized phosphinoborane monomers 

R1R2PƄBH2ĀNMe3 (R1, R2 = H, Ph or tBu/H) at room temperature to 100 °C 

provides a convenient new route to oligo- and poly(phosphinoborane)s 

[R1R2PƄBH2]n. The polymerization appears to proceed via the addition/head-to-

tail polymerization of short-lived free phosphinoborane monomers, R1R2PƄBH2. 

This method offers access to high molar mass materials, as exemplified by poly(t -

butylphosphinoborane), that are currently inaccessible using other routes (e.g. 

catalytic dehydrocoupling). 

The terms phosphinoborane and phosphanylborane are equal, as poly(phosphinoborane)s is the commonly 

used term for PB polymers, phosphinoborane will be used throughout this chapter. 
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3.1 Introduction 

Polymers based on main group elements other than carbon represent attractive 

materials as a result of their uses as elastomers, lithographic resists, biomaterials, 

polyelectrolytes, ceramic precursors and in optoelectronics.[1,2] Current routes to main 

group macromolecules generally involve either polycondensation or ring-opening 

polymerization pathways. Metal-catalyzed polycondensation processes, such as cross-

coupling and dehydrocoupling, have also attracted recent attention.[1p,3] In contrast to the 

situation with organic polymer synthesis, the use of addition polymerization methods is 

rare, partly due to challenges associated with the generation of suitable multiply bonded 

monomers. Nevertheless, Gates and coworkers have shown that kinetically stable 

phosphaalkenes (MesP=C(Ar)Ph, Ar = Ph, C6H4OMe) undergo an addition-

rearrangement polymerization in the presence of  radical or anionic initiators.[1q,4] 

Furthermore, Baines and coworkers have utilized anion-initiated addition polymerization 

of germenes, and silenes (Mes2E=CHCH2
tBu, E = Ge, Si) to form polygermenes and 

poly(silylenemethylene)s respectively,[5] demonstrating the use of addition polymerization 

as a promising approach for the synthesis of main group polymers.[6,7] 

Compounds with bonds between elements of Groups 13 and 15 are formally 

isoelectronic to their carbon analogues. However, due to electronegativity differences, 

the bonds are polar and lead to  different physical and chemical properties.[8,9,10] The 

analogy has nevertheless stimulated the synthesis of a range of new molecules and 

materials such as BN analogues of pyrene[11], carbon nanotubes,[12] and fullerene-like BN 

hollow spheres.[13] Counterparts of organic macromolecules have also attracted much 

attention and polymers based on poly(p-phenylene)-like cyclolinear structures involving 

borazines (polyborazylenes) have been studied in detail and, more recently, analogs of 

polyolefins, poly(aminoborane)s [RNH-BH2]n, have been isolated.[14]  

Poly(phosphinoborane)s [RPH-BH2]n have been prepared over the past decade as 

high molar mass materials by the rhodium- and iron-catalyzed dehydrogenation of 

primary phosphine-boranes RPH2·BH3.
[15] Studies of the coordination chemistry of 

phosphine-borane ligands at d-block metal centers have allowed the elucidation of the 

fundamental P-B bond formation processes leading to dehydrogenative oligomerization 

and polymerization.[16] These have revealed a two-fold role for P-H bonds; activation of 

P-H bond by metal centers to form metal-phosphidoborane intermediates, and promotion 

of dehydrogenative coupling of P-H (protic H) with B-H (hydridic H) to release H2 and 

form a P-B bond.[15g,16] However, as P-H bonds are effectively non-polar 

(electronegativity: P = 2.19, H = 2.20),[9] catalytic dehydrocoupling routes have relied on 
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electron withdrawing effects from aryl groups on phosphorus to promote the reaction. 

This has resulted in relatively limited substrate scope. Thus, the only examples of 

poly(alkylphosphinoborane)s are of modest molar mass and have been prepared by the 

slow dehydrocoupling of iBuPH2·BH3
[15c]  and FcCH2PH2ĀBH3

[15e]  at 110-120 °C over 13 - 

18 h in the presence of Rh catalysts in reactions that generally lead to appreciable chain 

branching and crosslinking, resulting in a very high polydispersity index (PDI) value (e.g. 

> 5).[15c]  

A potential avenue to broaden substrate scope and circumvent the shortcomings of 

metal-catalyzed dehydropolymerization routes to poly(phosphinoborane)s would be the 

implementation of an addition polymerization strategy. This would require access to 

suitable monomeric precursors. Significantly, recent progress by Scheer and coworkers 

has allowed the facile, gram-scale preparation of H2PƄBH2ĀNMe3 (1a), a Lewis base-

stabilized monomeric phosphinoborane.[17,18] Elimination of the Lewis base should yield a 

reactive monomeric phosphinoborane [H2PƄBH2] that might be expected to oligomerize 

and/or polymerize.  

3.2 Results and Discussion 

In order to explore the potential of this new polymerization strategy in detail we also 

targeted the aryl-substituted analogue Ph2PƄBH2·NMe3 (1b) and the alkyl-substituted 

tBuPHƄBH2·NMe3 (1c), respectively. We therefore developed a salt metathesis route as 

a novel and convenient method for the generation of substituted phosphanylboranes 

stabilized only by a Lewis base (Scheme 1). Deprotonation of the corresponding 

phosphines and subsequent reaction with IBH2·NMe3 afforded the desired 

phosphanylboranes in good yield and with high purity. Adducts 1b and 1c were obtained 

as white solids that are soluble in THF, toluene, Et2O and MeCN and, in the case of 1c, 

also n-hexane. Characterization was achieved by multinuclear NMR spectroscopy and 

single crystal X-ray diffraction studies (Figure 1). 

 
Scheme 1. Synthesis of Lewis base stabilized organosubstituted phosphanylboranes (1b,c). 
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Figure 1. Solid state structure of 1b (i) and 1c (ii), (ellipsoids at the 50% probability level). Hydrogen atoms 

bound to carbon atoms are omitted for clarity. Selected bond lengths [Å] and angles [°] (i); PïB 1.975(2), B-N 
1.619(3), PïBïN 112.4(2);  (ii) PïB 1.985(2), NïB 1.621(2), BïPïC 102.7(1), PïBïN 108.9(1). 

Attempts to thermally-induce oligomerization and polymerization (Scheme 2) were 

initially made for 1a and involved reactions at 80°C both in the presence and absence of 

solvent. However, irrespective of the conditions, in case of this precursor the major 

fraction of the product (3a) was insoluble in common solvents and the soluble fraction 

appeared to consist of low molar mass, potentially branched oligomers with multiple 

phosphorus and boron environments. 

 
Scheme 2. Polymerization/oligomerization of Lewis base stabilized phosphanylboranes (1a-c).  

For example, thermolysis of 1a in toluene (80 °C, 20 h) gave a white, wax-like 

product. The soluble extract in dilute C6D6
[20] gave a 31P{1H} NMR spectrum that featured 

a set of three broad signals at ŭ = -110, -116 and -133 ppm, which showed further 

broadening in the 1H coupled 31P NMR spectrum. These resonances are in a similar 

chemical shift range to those reported for [H2PƄBH2]x prepared via B(C6F5)3-catalyzed 

dehydro-coupling of H3PĀBH3 (ŭ(
31P) = -95 to -120 ppm), where a mixture of oligomers 

and low molar mass polymer (Mn < 2000 g mol-1) was formed.[19] Furthermore, one of the 

peaks has a chemical shift similar to that for the borane complex of 1a, 

BH3ƄH2PƄBH2ĀNMe3 (
31P NMR: ŭ = -116.0),[17a] in which the phosphorus center would 

exist in a similar environment. The 11B{1H} spectrum showed a set of three overlapping 
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triplets at ca. ŭ = -38, -40 and -41 ppm as major peaks (1JBP ca. 65 Hz) which further split 

into triplets on 1H coupling (1JBH = ca. 105 Hz, typical for BH2 groups). The 11B NMR 

chemical shifts were similar to those reported for internal BH2 groups in 

phosphinoborane polymers and oligomers; [H2PƄBH2]x 
11B ŭ = - 32 ppm[19], [PhPHƄBH2]n 

11B ŭ = - 34.7 ppm.[15a] Several signals at ŭ = -8 to -10 ppm were tentatively assigned to 

the NMe3-coordinated BH2 end groups (cf. NMe3-capped terminal BH2 group in 1a at 

ŭ(11B) = - 6.7 ppm).[17a] Analysis of the soluble fraction of 3a by mass spectrometry (MS) 

and dynamic light scattering (DLS) was also consistent with the presence of oligomers. 

For example, electrospray ionization (ESI) MS showed a pattern with intervals of 46 m/z, 

expected for a [H2PƄBH2] moiety, up to 1700 Da, corresponding to up to ca. 37 repeat 

units (see Figure S12).  

As a result of the insolubility of the poly(phosphinoborane) 3a formed from heating 1a, 

next  we turned our attention to the analogous thermally-induced polymerization of 

phosphanylboranes with organic substituents at phosphorus (1b,c) (Scheme 2). 

Thermolysis of phosphanylborane 1b was conducted in toluene solution at 100 oC for 18 

h.  The 1H, 31P, and 11B NMR resonances of the isolated product 3b were consistent with 

the formation of oligomeric species  [Ph2PƄBH2]x and occurred at a similar chemical shift 

to those reported for [Ph2PƄBH2]3 and [Ph2PƄBH2]4.
[15b] ESI-MS analysis of 3b indicated 

the presence of linear NMe3-capped oligomers with a maximum detectable mass up to 

1200 g mol-1 corresponding to ca. 6 repeat units (Figure S15), slightly greater than for 

the reports of RhI-catalyzed dehydrocoupling of Ph2PH·BH3.
[15b] In addition, the ESI-mass 

spectrum of 3b displayed several peaks corresponding to small, NMe3 capped oligomeric 

units, [Me3N·BH2ƄPh2PƄBH2·NMe3]
+ and [Me3N·BH2ƄPh2PƄBH2ƄPh2PƄBH2·NMe3]

+. 

These represent a class of highly stable cationic phosphinoborane chains, whose 

preparation has recently been reported.[18f] Analysis by DLS was also consistent with the 

formation of oligomeric products that undergo facile aggregation (see supporting 

information for further details).  

Finally, we explored the thermolysis of the tBu-substituted phosphanylborane 1c using 

three methods: heating 1c at 40 °C for 48 h in the absence of solvent, stirring a toluene 

solution of 1c at room temperature (22 oC), and performing the latter experiment at 40 °C 

for 48 h. After complete consumption of the starting material (and removal of the solvent 

for reactions conducted in toluene), the crude product was dissolved in n-hexane and 

precipitated by adding the resulting solution slowly to vigorously stirred acetonitrile. All 

three methods led to the isolation of the product 3c as a fine white powder (Figure 3, 

inset) with similar NMR spectra. The 11B{1H} NMR featured a single very broad signal at 

ŭ = -38 ppm. The 31P{1H} NMR spectrum featured a set of 3 broad signals at ŭ = -19, -21 

and -24 ppm. Further broadening and splitting into poorly defined doublets was observed 
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in the 1H coupled 31P NMR spectrum. We attribute the overlapping resonances to 

tacticity; the tentative assignment of rm, mr, rr, and mm triads is based on statistical 

probability (Figure 2). Similar features have been observed in poly(methylenephosphine) 

polymers.[4a] Overall, the observed NMR spectra for 3c were similar to those for 

[RHPƄBH2]n (R = Ph, iBu, p-nBuC6H4, p-dodecylC6H4).
[15a,b,c,g]  

The ESI-MS of acetonitrile solutions of 3c (reaction in toluene, 22 oC, 48 h) showed 

patterns corresponding to the successive loss of 102 m/z, characteristic of a single unit 

of [tBuPHƄBH2] (Figure S19). Samples obtained from the three methods were analyzed 

by DLS at optimized concentrations in CH2Cl2. The range of values obtained for Rh of 4.4 

ï 5.5 nm correspond to molar masses of 26 800 ï 39 900 g mol-1 for monodisperse 

polystyrene samples in THF (Figure S20).[21] GPC analysis of the samples with CHCl3 as 

eluent, also using polystyrene standards, was consistent with these results within 

experimental error and showed the presence of polymer with molar masses (Mn) of 27 

800 ï 35 000 g mol-1 with polydispersity indices, (PDI)s of 1.6-1.9 (Figures 3 and S22).  

 
 

Figure 2. 
31

P and 
31

P{
1
H} NMR spectra of [

t
BuPH-BH2]n (3c) in CDCl3 with proposed tacticity resulting in 

overlapped resonances. 
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Figure 3. GPC trace for [

t
BuPH-BH2]n (3c, from polymerization in toluene, 22 

o
C, 48 h) in CHCl3; inset: 

photograph of a purified  sample of 3c. 

We propose that polymerization of 1a-c is triggered by initial thermolysis of Lewis 

base stabilized phosphanylboranes 1a-c, leading to elimination of NMe3 to form the 

unprotected monomeric phosphinoborane intermediate 2a-c. The resulting absence of 

the Lewis base leads to a lack of electronic stabilization for 2a-c. As a result, the lone-

pair at phosphorus together with a vacant p-orbital at boron, in conjunction with the 

aforementioned electronic destabilization, appears to promote a head-to-tail addition 

oligomerization/polymerization sequence which ultimately affords 3a-c, although the full 

mechanistic details are not yet clear (Scheme 2). We attribute the difference in product 

distribution to the reactivity of 2a-c and the solubility of the polymer products 3a-c. 

Sterically unencumbered 2a is likely to be highly reactive and forms the insoluble 

material which may be of high molar mass, together with soluble oligomers. In contrast, 

2b, which contains two bulky phenyl groups at phosphorus, appears to afford only 

oligomers. Presumably the steric bulk hinders polymer formation both kinetically, and 

possibly thermodynamically as well. In contrast, the t-butyl-substituted species 3c affords 

soluble, high molecular weight polymer.  

High molar mass poly(phenylphosphinoborane) free of crosslinked material has been 

recently prepared using an iron-based dehydrocoupling catalyst in toluene solution, a 

reaction significantly more efficient that the previously reported Rh-catalyzed process 

performed in the absence of solvent.[15g] We were intrigued whether alkyl-substituted 

polymer 3c would be accessible by a similar route. For comparison we prepared 

poly(phenylphosphinoborane) from PhPH2·BH3 and 1 mol% of Cp(CO)2Fe(OSO2CF3) 

(100 °C, 24 h) and isolated the material with Mn = 59 000 g mol-1, and a PDI = 1.6.[15g] 

When tBuPH2·BH3 was treated with Cp(CO)2Fe(OSO2CF3) under the same conditions 
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(Scheme 3) near complete consumption of tBuPH2·BH3 required 176 h by 31P and 11B 

NMR. Subsequent precipitation into, and washes with cold pentane afforded a dark 

amber wax-like product. 31P{1H}/31P and 11B{1H} NMR featured multiple broad 

overlapping resonances (ŭ11B -40 ppm, ŭ31P ca. -20 ppm). Although ESI MS showed 

peaks separated by ȹ(m/z) = 102, attributed to units of [tBuPH-BH2], masses up to only 

1100 Da were detected. Moreover, GPC analysis of the products with CHCl3 as eluent 

revealed no high molar mass component and the product appears to be an oligomer of 

about 10 units or less. This is in stark contrast to the high molar mass polymer (3c) 

obtained via the thermally-induced polymerization of phosphanylborane 1c. 

 
Scheme 3. Attempted synthesis of [tBuPH-BH2]n (3c) via catalytic dehydrocoupling of tBuPH2·BH3.  

3.3 Conclusion 

In summary, a straightforward synthesis of organosubstituted monomeric 

phosphanylboranes stabilized only by a Lewis base has been developed to obtain 

compounds 1b and 1c. Simple thermal treatment of the monomeric Lewis base 

stabilized phosphinoboranes 1a-c led to the formation of oligomeric and polymeric 

compounds 3a-c. Due to the low solubility of 3a, characterization of this polymer was 

limited. Polymerization of 1b led to short chain oligomers 3b which could be 

characterized by multinuclear NMR, and mass spectrometry. However, polymerization of 

1c afforded 3c with high molar mass (Mn = 27 800 ï 35 000 g mol-1) and reasonably low 

PDI (1.6-1.9) characteristic of a mainly linear material. In contrast, previous work with 

Rh-catalysts has given lower molar mass, branched materials (Mn < ca. 10,000 g mol-1) 

under forcing thermal conditions in the melt where the yields have been limited by gel 

formation.[15c] In addition, poly(phosphinoborane) 3c could not be accessed via the 

recently reported Fe-catalyzed catalytic dehydrocoupling route, presumably also due to 

the deactivated P-H bond in the alkylphosphinoborane monomer.  

Based on these results, the new metal-free polymerization method described offers 

considerable promise for the preparation of a range of new poly(phosphinoborane)s with 
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alkyl substituents on phosphorus that are of interest as elastomers, flame retardant 

materials, and as ceramic precursors. Expansion of substrate/polymer scope, reaction 

optimization, and the detailed elucidation of the reaction mechanism, which appears to 

involve the addition/head-to-tail polymerization of transient phosphinoborane monomers, 

are currently under investigation. 
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3.5 Supporting Information 

General Experimental: 

Unless otherwise noted, all manipulations were performed under an atmosphere of 

dry argon using standard glove-box and Schlenk techniques. All solvents were degassed 

and purified by standard procedures. The compounds IBH2·NMe3,
[1] H2PBH2·NMe3 (1a),[2] 

and tBuPH2
[3] were prepared according to literature procedures. Other chemicals were 

obtained from Sigma-Aldrich (NaNH2) or STREM Chemicals, INC. (PPh2H). The NMR 

spectra for the monomers 1b, 1c and for the compounds 3b and 3c were recorded on an 

Avance 400 spectrometer (1H: 400.13 MHz, 31P: 161.976 MHz, 11B: 128.378 MHz, 

13C{1H}: 100.623 MHz) with ŭ [ppm] referenced to external SiMe4 (
1H, 13C), H3PO4 (

31P), 

BF3·Et2O (11B). Other NMR spectra were recorded using Oxford Jeol Eclipse 300 and 

400 MHz spectrometers. 1H NMR spectra were calibrated using residual proton signals 

of the solvent: (ŭ 1H(CHCl3) = 7.24; ŭ 1H(C6D5H) = 7.20). 13C NMR spectra were 

calibrated using the solvent signals (ŭ 13C(CDCl3) = 77.0; ŭ 13C(C6D6) = 128.0). 11B and 
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31P NMR spectra were calibrated against external standards (31P: 85% H3PO4(aq) (ŭ 31P 

= 0.0); 11B: BF3·OEt2 (ŭ 
11B = 0.0)). IR spectra were measured on a DIGILAB (FTS 800) 

FT-IR spectrometer. Mass spectra were recorded on a ThermoQuest Finnigan TSQ 

7000 (ESI-MS) or a Finnigan MAT 95 (FD-MS and EI-MS) or a Bruker Daltonics Apex IV 

Fourier transform Ion Cyclotron mass spectrometer. The C, H, N analyses were 

measured on an Elementar Vario EL III apparatus. Gel permeation chromatography 

(GPC) was performed on a Viscotek RImax chromatograph, equipped with an automatic 

sampler, a pump, an injector and inline degasser. The columns were contained within an 

oven (35°C) and consisted of styrene/divinyl benzene gels with pore sizes ranging from 

500 Å to 100,000 Å. THF containing 0.1 % w/w [nBu4N]Br and 1% v/v toluene was used 

as the eluent at a flow rate of 1.0 mL min-1. All samples analysed by GPC were dissolved 

in the eluent (2 mg mL-1), stirred for 1 h at room temperature and passed through a 

membrane filter (200 nm pores) before analysis. The calibration was conducted using a 

series of monodisperse polystyrene standards obtained from Aldrich. Dynamic Light 

Scattering (DLS) was performed on a Malvern Instruments Zetasizer Nano S using a 

5mW He-Ne laser (633 nm). The correlation function was collected in real time and fitted 

with a function capable of modelling polymodal size distributions. 

The single crystal X-ray structure analysis was performed on a Gemini R Ultra CCD 

diffractometer from Agilent Technologies (formerly Oxford Diffraction) applying Cu-KŬ 

radiation (ɚ = 1.54178 Å) at 123 K. Crystallographic data are given in Table S1. 

Absorption corrections were applied semi-empirically from equivalent reflections or 

analytically (SCALE3/ABSPACK algorithm implemented in CrysAlis PRO software by 

Agilent Technologies Ltd).[4] All structures were solved using SIR97[5], and refined using 

SHELXL-14.[6] The hydrogen positions of the methyl groups were located geometrically 

and refined riding on the carbon atoms. Hydrogen atoms belonging to BH2 and PH2 

groups were located from the difference Fourier map and refined without constraints. 

Due to the bad displacement parameters of the heavily disordered tBu-moiety in 1c, the 

carbon atoms were refined applying ISOR restraints. Figures were created with OLEX 

2.[7] All cif-files are available online from the Cambridge Crystallographic Data Centre. 

 

Synthesis of Ph2P-BH2·NMe3 (1b):  

1.740 mL (1.866 g, 10 mmol) Ph2PH was added to a suspension of 390 mg (10 mmol) 

NaNH2 in 20 ml THF at -40 °C. The mixture was allowed to reach room temperature and 

was stirred for an additional 2 h, until a clear red solution was obtained. After cooling to -

80 °C, the NaPPh2 solution was added to a solution of 1.990 g (10 mmol) IBH2·NMe3 in 

20 mL THF at -80 °C. After warming up to room temperature, the mixture was stirred for 

an additional 18 h. All volatiles were removed under vacuum and the remaining solids 
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were suspended in 50 mL of toluene and filtered over diatomaceous earth. The toluene 

was removed, and the resulting white solid washed 5 times with 10 mL of Et2O at 0 °C to 

remove NaI. The remaining white solid was dissolved in 20 mL of toluene and filtered 

over diatomaceous earth. After removing the toluene the resulting 1b was washed 3 

times with 10 mL of n-hexane and dried under vacuum. 1b is a white powder at room 

temperature. Crystals of 1b were obtained by dissolving a small amount of 1b in n-

hexane and storing the solution at 3°C. Yield of (1b): 1.833 g (71 %); 1H NMR (400 MHz, 

C6D6): ŭ = 1.92 (s, 9H, NMe3), 2.84 (q, 1JH,B = 107 Hz, 2H, BH2), 7.07 (m, 2H, p-Ph), 7.20 

(m, 4H, m-Ph) 7.87 (m, 4H, o-Ph). 31P NMR (162 MHz, C6D6): ŭ = ï39.5 (m, br, PPh2). 

31P{1H} NMR (162 MHz, C6D6): ŭ = ï39.5 (m, br, PPh2). 
11B NMR (128 MHz, C6D6): ŭ = ï

1.7 (td, 1JB,P = 45 Hz, 1JB,H = 107 Hz, BH2). 
11B{1H} NMR (128 MHz, C6D6): ŭ = ï1.7 (d, 

1JB,P = 45 Hz, BH2). 
13C NMR (101 MHz, C6D6): ŭ = 52.4 (d, 3JP,C = 11 Hz, NMe3), 126.44 

(s, p-Ph), 128.13 (d, 3JP,C = 6 Hz, m-Ph) 134.80 (d, 2JP,C = 16 Hz, o-Ph), 143.78 (d, 

1JP,C = 16 Hz, i-Ph). IR (KBr): n~  = 3061 (w), 3040 (w), 3010 (w), 2994 (w), 2943 (w), 2918 

(w), 2361 (s, br, BH), 2290 (w, br, BH), 1580 (w), 1478 (s), 1465 (s), 1442 (s), 1430 (m), 

1403 (w), 1315 (w), 1252 (m), 1155 (m), 1123 (s), 1078 (m), 1058 (s), 1027 (m), 1015 

(w), 850 (s), 747 (s), 699 (s), 639 (w), 510 (m), 473 (w). EI-MS (toluene): m/z = 257 

(22.5 %, [M]+), 108 (100 %, [M -Me3N·BH2 -Ph]+), 72 (42 %, [M-PPh2]
+). Elemental 

analysis (%) calculated for C15H21BNP (1b): C: 70.07, H: 8.23, N: 5.45; found: C: 70.05, 

H: 8.11, N: 5.41. 

 
Figure S1: (bottom left) 

11
B{

1
H} (128 MHz), (top left) 

11
B (128 MHz), (right) 

31
P (162 MHz) NMR spectra of 

1b in in C6D6. 

Synthesis of tBuHP-BH2·NMe3 (1c):  

2.550 mL (1.802 g, 20 mmol) tBuPH2 was added to a suspension of 780 mg (20 

mmol) NaNH2 in 20 ml THF at -40 °C. The mixture was allowed to reach room 

temperature and was stirred for an additional 2 h, until a clear yellow solution was 

obtained. After cooling to -80 °C, the NatBuPH solution was added to a solution of 3.980 
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g (20 mmol) IBH2·NMe3 in 20 mL THF at -80 °C. After warming up to room temperature, 

the mixture was stirred for an additional 18 h. All volatiles were removed under vacuum 

and the remaining solids suspended in 20 mL of n-hexane and filtered over 

diatomaceous earth. The n-hexane was removed, and then 1c was purified by 

sublimation at 45 °C (1·10-3 mbar). 1c is a white powder at room temperature. Crystals of 

1c were obtained by dissolving a small amount of 1c in n-hexane and storing the solution 

at -28 °C. Yield of (1c): 1.767 g (55 %); 1H NMR (400 MHz, C6D6): ŭ = 1.50 (dm, 

3JH,P = 11 Hz, 9H, PtBu), 1.94 (s, 9H, NMe3), 2.60 (d, 1JH,P = 197 Hz, 1H, PHtBu),  2.67 

(q, BH2). 
31P NMR (162 MHz, C6D6): ŭ = ï67.6 (d, br 1JH,P = 197 Hz, PH). 31P{1H} NMR 

(162 MHz, C6D6): ŭ = ï67.6 (q, 1JB,P = 48 Hz, PH). 11B NMR (128 MHz, C6D6): ŭ = ï6.0 

(td, 1JB,P = 48 Hz, 1JB,H = 104 Hz, BH2). 
11B{1H} NMR (128 MHz, C6D6): ŭ = ï6.0 (d, 

1JB,P = 48 Hz, BH2). 
13C NMR (101 MHz, C6D6): ŭ = 26.4 (s, C), 33.3 (d, 2JC,P = 11 Hz, 

tBu), 52.0 (d, 3JC,P = 11 Hz, NMe3). IR (KBr): n~  = 2993 (m), 2962 (m), 2939 (s), 2892 (m), 

2854 (m), 2388 (s, br, BH), 2295 (w, br, BH), 2244 (m, PH), 1482 (s), 1464 (s), 1403 (w), 

1358 (m), 1252 (m), 1189 (w), 1154 (s), 1124 (s), 1067 (s), 1012 (w), 984 (w), 872 (m), 

847 (s), 846 (s), 693 (w), 545 (w), 599 (w), 475 (w). EI-MS (solid): m/z = 161 (6.4 %, 

[M]+), 104 (1.8 %, [M-tBu]+), 72 (100 %, [M-PHtBu]+), 58 (11 %, [M -H -H2BPHtBu]+). 

Elemental analysis (%) calculated for C7H21BNP (1c): C: 52.13, H: 13.13, N: 8.69; found: 

C: 52.32, H: 13.06, N: 8.70. 

 

Figure S2: (left) 
1
H (400 MHz); (right) 

13
C{

1
H} (101 MHz) NMR spectra of 1c in in C6D6.* = solvent (C6D6)  
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Figure S3: (bottom left) 
11

B{
1
H} (128 MHz), (top left) 

11
B (128 MHz), (bottom right) 

31
P{

1
H} (162 MHz), (top 

right) 
31

P (162 MHz) NMR spectra of 1c in in C6D6. 

Synthesis of tBuPH2·BH3:  

Under flow of N2, a solution of tBu2PCl2 (1.09 g, 6.8 mmol) in dibutyl ether (5 mL) was 

added dropwise to a dibutyl ether (20 mL) suspension of LiBH4 (0.30 g, 14 mmol) cooled 

to 5 oC with an ice bath. The mixture became cloudy immediately and was allowed to stir 

for 30 min. The reaction flask was then assembled into a short-path distillation setup and 

reaction solution held at -5 oC while the receiving flask was held at -196 oC in liquid N2. 

Upon placing the system under static vacuum, tBuPH2·BH3 was transferred to the 

receiving flask as a clear oil. The resulting lower yield of 437 mg (62 %) is a result of loss 

of volatile product under vacuum. 1H NMR (300 MHz, toluene-d8): ŭ = 3.75 (br doublet of 

quartets, PH, 1JP,H = 350 Hz), 0.85 (d, tBuH, 3JP,H = 15 Hz), 0.4-1.8 (br m, BH); 31P NMR 

(121 MHz, toluene-d8): ŭ -11.5 (br triplet of multiplets, PH2, 
1JP,H = 350 Hz; 31P{1H}, (q, 

1JP,B = 34 Hz); 11B{1H} NMR (96 MHz, toluene-d8): ŭ -44.3 (br d, BH3, 
1JB,P = 33 Hz). The 

resulting product was used for catalytic dehydrocoupling experiments without further 

purification. 

 

Figure S4: 
1
H (300 MHz) NMR spectra of 

t
BuPH2·BH3 in toluene-d8. 
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Figure S5: (left) 
11

B{
1
H} (96 MHz), (middle) 

31
P{

1
H} (121 MHz), (right) 

31
P (121 MHz) NMR spectra of 

t
BuPH2·BH3 in toluene-d8. 

Polymerization Experiments: 

 

Polymerization of H2P-BH2·NMe3 (1a) to form [H2PïBH2]n (3a) 

a) 0.300 mL (262 mg, 2.5 mmol) of H2P-BH2·NMe3 was dissolved in 10 mL of toluene 

and heated at 80 °C for 20 h. All volatiles were removed under vacuum to give a white 

residue with an oily to wax like consistency which was nearly insoluble in all common 

solvents. Efforts were carried out to purify [PH2ïBH2]n by extraction with different 

solvents but were not successful. Extracts in different solvents were analysed by ESI-

MS, EI-MS, NMR and DLS. Yield of (3a): no reliable determination was possible, as the 

polymer contains solvent and trace starting material. 31P{1H} NMR (121 MHz, C6D6): 

ŭ = ï109.7 (br), ï115 (br), ï132.5 (br). 11B NMR (96 MHz, C6D6): ŭ = ï38 to ï41 (m, br, 

BH2), ï8 to ï10 (td, br, BH2). 
11B{1H} NMR (96 MHz, C6D6): ŭ =  ï38 to ï41 (m, br, BH2), 

ï8 to ï10 (d, br, BH2). 

b) 0.300 mL (262 mg, 2.5 mmol) of H2P-BH2·NMe3 was heated at 80 °C for 70 h, 

affording a white waxy residue which was nearly insoluble in all common solvents. 

Efforts to purify [PH2ïBH2]n by extraction with different solvents were not successful. 

Analysis of 3a was conducted by ESI-MS, EI-MS, NMR and DLS. Yield of (3a): 86 mg 

(75 %) 1H NMR (300 MHz, C6D6): ŭ = 1.8 (br, BH2), 3.6 (br, PH2). 
31P{1H} NMR (121 

MHz, C6D6): ŭ = ï112 to ï105 (br), ï125 to ï120 (br), ï132 (br), ï142 (br). 11B NMR (96 

MHz, C6D6): ŭ = ï34 to ï42 (m, br, BH2), ï6 to ï12 (td, br, BH2). 
11B{1H} NMR (96 MHz, 

C6D6): ŭ =  ï34 to ï42 (m, br, BH2), ï6 to ï12 (d, br, BH2).  

ESI-MS of 3a (obtained from polymerization reaction in toluene, 80 oC, 20 h) in 

acetonitrile showed signals up to 1700 Da. A systematic loss of 46 m/z, consistent with 

[H2P-BH2] was observed (Figure S12). The polymer consists of at least 37 repeat units, 

however no exact end groups could be determined by ESI-MS. 



 
37 A Route to Poly(alkylphosphinoborane)s 

 
Figure S6: 

11
B{

1
H} (96 MHz) NMR spectra of 3a (from polymerization reaction in toluene, 80 

o
C, 20 h) in 

C6D6; * = ClBH2ĀNMe3 (starting material for 1a). 

 
Figure S7: 

11
B (96 MHz) NMR spectra of 3a (from polymerization reaction in toluene, 80 

o
C, 20 h) in C6D6; * 

= ClBH2ĀNMe3 (starting material for 1a). 

 

Figure S8: 
31

P{
1
H} (121 MHz) NMR spectra of 3a (from polymerization reaction in toluene, 80 

o
C, 20 h) in 

C6D6. 

* 

* *  

* 
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Figure S9: 
1
H (300 MHz) NMR spectra of 3a (from neat polymerization reaction, 80 

o
C, 70 h) in C6D6; * = 

solvent (C6D6). 

 

 

 

Figure S10: 
31

P{
1
H} (121 MHz) NMR spectra of 3a (from neat polymerization reaction, 80 

o
C, 70 h) in C6D6.  

 

 

 

Figure S11: (left) 
11

B{
1
H} (96 MHz), (right) 

11
B (96 MHz) NMR spectra of 3a (from neat polymerization 

reaction, 80 
o
C, 70 h) in C6D6; * = ClBH2ĀNMe3 (starting material for 1a). 

* * 
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Figure S12: ESI ï mass spectrum of 3a (from polymerization reaction in toluene, 80 

o
C, 20 h) in acetonitrile. 

 

Attempted Polymerization of Ph2P-BH2·NMe3 (1b) to form [Ph2PïBH2]n (3b) 

 

600 mg (2.33 mmol) of Ph2P-BH2·NMe3 was dissolved in 20 mL toluene and heated to 

100 °C for 18 h. All volatiles were removed under vacuum affording a fine white powder 

(3b). NMR measurement of a sample showed that the reaction proceeded cleanly, so no 

further purification was conducted prior to analysis. Yield of (3b): 402 mg (86 %) 31P 

NMR (162 MHz, THF-d8): ŭ = ï18.5 (s, br, P). 31P{1H} NMR (162 MHz, THF-d8): ŭ = ï

18.5 (s, br, P). 11B NMR (128 MHz, THF-d8): ŭ = ï33.7 (br, BH2). 
11B{1H} NMR (128 MHz, 

THF-d8): ŭ = ï33.7 (br, BH2). 

Thermolysis of 1b in toluene at 100 °C for 18 h led to complete consumption of the 

starting material and formation of 3b. The 31P{1H} NMR featured a very broad signal at ŭ 

= -18 ppm, which showed further broadening in the 31P NMR spectrum. Generation of a 

small amount of free phosphine Ph2PH was also observed. The 11B{1H} NMR spectrum 

featured a very broad uniform signal at ŭ = -34 ppm, suggestive of either a low molecular 

weight cyclic oligomeric species or a high molecular weight polymer whose end-groups 

cannot be detected. The observed NMR signals were similar to those reported for 

[Ph2PƄBH2]3 and [Ph2PƄBH2]4.
[7] ESI-MS of 3b in both THF and toluene revealed a  

fragmentation pattern which featured loss of units with 198 m/z (representative of 
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[Ph2PƄBH2]), and a maximum detectable mass in the region of 1200 Da (Figure S15). 

This was indicative of NMe3-capped oligomers with no greater than 6 repeat units. 

 
Figure S13: (bottom) 

31
P{

1
H} (162 MHz), (top) 

31
P (162 MHz) NMR spectra of 3b (from polymerization 

reaction in toluene, 100 
o
C, 18 h) in THF-d8.  

 
Figure S14: (bottom) 

11
B{

1
H} (128 MHz), (top) 

11
B (128 MHz) NMR spectra of 3b (from polymerization 

reaction in toluene, 100 
o
C, 18 h) in THF-d8.  
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Figure S15: ESI ï mass spectra of 3b (from polymerization reaction in toluene, 100 

o
C, 18 h) in THF (top), 

and toluene (bottom). 

Poly(phosphinoborane) 3b was analysed by DLS. All samples were characterised by 

correlation function with a high y-intercept, which is indicative of the presence of particles 

within the measurable size range (1nm ï 5ɛm). It proved impossible, however, to 

satisfactorily fit the decay of these functions, therefore suggesting that they result from 

the sum of multiple exponentials and the samples were ultimately too polydisperse for 

analysis.  

 

Polymerization of tBuHP-BH2·NMe3 (1c) to form [tBuHP-BH2]n (3c) 

Three methods were employed: 

a) 100 mg (0.62 mmol) of tBuHP-BH2·NMe3 was heated at 40°C for 48 h. 

b) 410 mg (2.55 mmol) of tBuHP-BH2·NMe3 was dissolved in 10 mL toluene and 

heated at 40°C for 48 h. 
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c) 500 mg (3.11 mmol) of tBuHP-BH2·NMe3 was dissolved in 10 mL toluene and 

stirred at room temperature (22 oC) for 48 h. 

After removing all the volatiles under vacuum, the remaining polymer was dissolved in a 

minimum amount of toluene (ca. 1.5 mL). The viscous solution was added drop wise to 

vigorously stirred acetonitrile (ca. 200 mL) and a white rubber-like solid precipitated. The 

solid was filtered off and dried under vacuum.  

Yield of (3c):  a) 125 mg (40 %) 

b) 120 mg (46 %) 

     c) 250 mg (80 %) 

The NMR shifts and corresponding spectra from the polymerization reaction in toluene, 

22 oC, 48 h (c), are shown below. The NMR spectra obtained from the 48 h 

polymerization reactions in the absence of solvent (a), and in toluene (b) at 40 oC are 

similar.  

 1H NMR (400 MHz, CDCl3): ŭ = 0.6 -1.6 (s, v br, BH2), 1.18 (s, br, PtBu), 3.73 (d, br, 

1JH,P = 330 Hz PH). 31P NMR (162 MHz, CDCl3): ŭ = ï18 to ï25 (br, PH). 31P{1H} NMR 

(162 MHz, CDCl3): ŭ = ï18 to ï25 (br, PH). 11B NMR (128 MHz, CDCl3): ŭ = ï38 (br, 

BH2). 
11B{1H} NMR (128 MHz, CDCl3): ŭ = ï38 (br, BH2). 

13C NMR (101 MHz, CDCl3) 

ŭ = 26.9 (s, tBu), 27.5 ï 29.2 (m, v br, tBu). 

  

Figure S16: (left) 
1
H (400 MHz), (right) 

13
C (101 MHz) NMR spectra of 3c (from polymerization reaction in 

toluene, 22 
o
C, 48 h) in CDCl3. 
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Figure S17: (bottom) 
31

P{
1
H} (121 MHz), (top) 

31
P (121 MHz) NMR spectra of 3c (from polymerization 

reaction in toluene, 22 
o
C, 48 h) in CDCl3. 

 
Figure S18: (bottom) 

11
B{

1
H} (96 MHz), (top) 

11
B (96 MHz) NMR spectra of 3c (from polymerization reaction 

in toluene, 22 
o
C, 48 h) in CDCl3. 

GPC analysis conducted with THF as eluent resulted in two peaks. A lower molecular 

weight component ranging from Mn = 17 000 to 22 400 g mol-1, and an apparent higher 

molecular weight component ranging from Mn = 197 000 to 220 000 g mol-1 (Figure S21). 

The lower molecular weight component is consistent with DLS data (see manuscript, and 

Figure S20). The absence of a size population by DLS that corresponds to the high 

molecular weight component is suggestive that the presence of this species is 

dependent on the conditions applied, and most probably larger aggregates form in 

diluted THF solutions but not in solutions of CH2Cl2. Similar phenomena have been 

observed for poly(phenylphosphinoborane)[7], where the concentration of aggregates 

decreases with time and is effectively zero after stirring at room temperature for one day.  

Repeated GPC analysis on samples stirred at room temperature for one day showed 

no significant difference to those analyzed immediately after dissolving in THF. This 

suggests that if aggregates are present then they are either kinetically more stable than 

those of the phenyl analogue, or THF is only a marginal solvent for the material (3c) 

prepared in this study. 
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 GPC analysis was then conducted with CHCl3 as eluent. The results are discussed 

in the main text. See Figures 3 and S22. The results were consistent with DLS data and 

indicated that these were true values for unimolecularly dissolved polymer chains in 

solution.  

 
Figure S19: ESI ï mass spectra of 3c (from polymerization reaction in toluene, 22 

o
C, 48 h) in acetonitrile. 

 

 
Figure S20: DLS chromatogram of 3c in CHCl3 isolated from: blue (neat, 40 

o
C, 48 h) Rh = 5.5 nm; green (in 

toluene, 40 
o
C, 48 h) Rh = 4.4 nm; red (in toluene, 22 

o
C, 48 h) Rh = 5.1 nm. 

0

5

10

15

20

25

0,1 1 10 100 1000

V
o

lu
m

e
 /

 %
 

Hydrodynamic Radius / nm 



 
45 A Route to Poly(alkylphosphinoborane)s 

 
Figure S21: GPC chromatogram of 3c in THF: blue (neat, 40 

o
C, 48 h); green (in toluene, 40 

o
C, 48 h); red 

(in toluene, 22 
o
C, 48 h). 

 

 
Figure S22: GPC chromatogram of 3c in CHCl3 isolated from: red (neat, 40 

o
C, 48 h) Mn = 27 800 g mol

-1
, 

PDI = 1.9; blue (in toluene, 22 
o
C, 48 h) Mn = 35 000 g mol

-1
, PDI = 1.6. 

 

Catalytic dehydrocoupling of tBuPH2·BH3 by Cp(CO)2Fe(OSO2CF3) (5 mol%).  

To a 1.0 M solution of tBuPH2·BH3 (83 mg, 0.80 mmol), in 0.8 mL of anhydrous 

toluene was added 5 mol% of Cp(CO)2Fe(OSO2CF3)  (12.8 mg, 0.04 mmol). The solution 

was then charged into a quartz J. Young NMR tube, which was subsequently sealed and 

allowed to react at 100 oC. The solution turned from dark red to bright yellow within the 

first hour, and remained so throughout the duration of the reaction. Progress was 

monitored in situ by 31P{1H} (121 MHz) and 11B{1H} (96 MHz) NMR spectroscopy for the 

formation of poly(phosphinoborane) (Figure S23). After consumption of tBuPH2·BH3 (176 

h), the reaction solution was transferred into a beaker of cold pentane (-78 oC), which 

resulted in the precipitation of product. The solution was filtered and washed several 
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times (3 x 2 mL) with cold pentane and dried under vacuum to afford an amber gum (38 

mg, 47% yield). 31P{1H}/31P (121 MHz) and 11B{1H} (96 MHz) NMR spectroscopy of 

isolated product in toluene are identical to in situ experiments and indicate the presence 

of multiple broad, ill-defined components (ŭ11B -40 ppm, ŭ31P -11 ppm).  

 

 

Catalytic dehydrocoupling of tBuPH2·BH3 by Cp(CO)2Fe(OSO2CF3)  (5 mol%), large 

scale.  

To a 1.0 M solution of tBuPH2·BH3 (400 mg, 3.80 mmol), in 3.8 mL of anhydrous 

toluene was added 5 mol% of Cp(CO)2Fe(OSO2CF3) (61 mg, 0.19 mmol). The solution 

was then charged into a J. Young reaction vessel, which was subsequently sealed and 

allowed to react at 100 oC for 176 h. The solution turned from dark red to bright yellow 

within the first hour, and remained so throughout the reaction. After 176 h, the reaction 

solution was then quickly transferred into a beaker of cold pentane (-78 oC), which 

resulted in the immediate precipitation of product. The solution was filtered and washed 

several times (3 x 2 mL) with cold pentane and dried under vacuum to afford an amber 

gum (134 mg, 34% yield). 31P{1H}/31P (121 MHz) and 11B{1H} (96 MHz) NMR 

spectroscopy of the isolated compound in toluene are identical to in situ experiments 

(vide supra) and indicate the presence of multiple, ill-defined components (see Figures 

S23 and S24). ESI-MS revealed multiple components, with weights no higher than 

~1100 g/mol, but with anticipated fragmentation patterns for loss of 102 m/z, 

corresponding to  [tBuPH·BH2] (Figure S25). GPC analysis of a 2 mg/mL CHCl3 solution 

of the dark amber gum with CHCl3 as eluent revealed no components within the 

calibrated range (i.e. greater than ca. 1000 g mol-1). The absence of a peak 

corresponding to high molar mass material from GPC analysis, in conjuction with the 

results from ESI-MS indicated a polydisperse mixture of low molecular weight oligomers 

(~10 units or less as detected). 

 



 
47 A Route to Poly(alkylphosphinoborane)s 

 
Figure S23: (left) 

11
B{

1
H} (96 MHz), (right) 

31
P{

1
H} (121 MHz) NMR reaction profiles for the dehydrocoupling 

reaction of 
t
BuPH2·BH3 to oligomers of [

t
BuPH-BH2]n with  5 mol% Cp(CO)2Fe(OSO2CF3) as catalyst in 
toluene d-8 at 100 

o
C. 

 

Figure S24: (bottom) 
31

P{
1
H} (121 MHz), (top) 

11
B{

1
H} (96 MHz) NMR spectra of [

t
BuPH-BH2]n oligomers in 

CDCl3; isolated from the large scale reaction of 
t
BuPH2·BH3 with 5 mol% Cp(CO)2Fe(OSO2CF3) as catalyst 

in toluene (100 
o
C, 176 h); (inset) photo of isolated oligomers. 

 
Figure S25: ESI ï mass spectrum of [

t
BuPH-BH2]n oligomers in THF,

 
isolated from the large scale reaction 

of 
t
BuPH2·BH3 with 5 mol% Cp(CO)2Fe(OSO2CF3) as catalyst in toluene (100 

o
C, 176 h). 
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Crystallographic details 

Table S1. Crystallographic data for compounds 1b and 1c. 

            1b         1c  

Empirical formula       C15H21BNP      C7H21BNP 

Formula weight M       257.11 g/mol     161.03 g/mol 

Crystal           colourless block    colourless block 

Crystal size [mm3]      0.15 x 0.08 x 0.07    0.38 x 0.14 x 0.06 

Temperature T        123(1) K       123(1) K   

Crystal system        orthorhombic     orthorhombic   

Space group         Pca21       Pnma  

Unit cell dimensions      a = 16.5779(2) Å    a = 10.1552(2) Å 

            b = 6.2048(1) Å     b = 10.1654(3) Å     

            c = 14.2632(1) Å      c = 11.0614(2) Å 

            Ŭ = 90°       Ŭ = 90°      

            ɓ = 90°       ɓ = 90°   

ɔ = 90°       ɔ = 90°   

Volume V          1467.15(3) Å3     1141.89(5) Å3 

Formula units Z        4         4 

Absorption coefficient ɛCu-KŬ   1.488 mmï1      1.660 mmï1 

Density (calculated) ɟcalc     1.164 g/cm3     0.937 g/cm3 

F(000)           552        360 

Theta range ɗmin/ɗmax      5.336 / 66.511°    5.912 / 67.044° 

Absorption correction     analytical      multi-scan 

Index ranges         ï18 < h < 19     ï11 < h < 12     

            ï5 < k < 7      ï13 < k < 12      

            ï16 < l < 16     ï13 < l < 13 

Reflections collected      6445        8996 

Independent reflections [I > 2ů(I)] 2317 (Rint = 0.0236)   831 (Rint = 0.0480) 

Completeness to full ɗ     0.970        0.988 

Transmission Tmin / Tmax     0.860 / 0.925     0.848 / 1.000 

Data / restraints / parameters   2364 / 1 / 214     1074 / 18 / 110 

Goodness-of-fit on F2 S     1.031        1.014  

Final R-values [I > 2ů(I)]    R1 = 0.0261     R1 = 0.0344   

            wR2 = 0.0695     wR2 = 0.1022 

Final R-values (all data)     R1 = 0.0268     R1 = 0.0453      

wR2 = 0.0706     wR2 = 0.1087 

Largest difference hole     ï0.140       ï0.117 

and peak ȹɟ        0.233 eÅï3       0.208 eÅï3 

Flack parameter       0.007(9)        - 
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All crystal manipulations were performed under mineral oil or perfluorinated oil. The 

diffraction experiments were performed at 123 K on an Agilent Technologies Gemini R 

Ultra diffractometer or an Agilent SuperNova diffractometer with Cu-KŬ or Mo- KŬ 

radiation. Crystallographic data together with the details of the experiments are given in 

Table 1. The cell determination, data reduction and absorption correction for all 

compounds were performed with the help of the CrysAlis PRO software by Agilent 

Technologies Ltd. The full-matrix least-square refinement against F2 was done with 

ShelXL. During the refinement several restraints and constraints had to be applied. For 

the description of the refinement strategy we list the commonly used syntax for the 

ShelXL program (DFIX, SADI, SIMU, ISOR, EADP). All atoms except hydrogen were 

refined anisotropically if not described otherwise. The H atoms were calculated 

geometrically and a riding model was used during refinement process. Graphical 

material was created with the free software Olex2. CCDC-1415883 (1b) and CCDC-

1415884 (1c) contain the supplementary crystallographic data for this paper. These data 

can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 
Figure S26. Molecular structure of compound 1b determined by single crystal X-ray structure analysis 

(thermal ellipsoids drawn at 50% probability level). Selected bond lengths [Å] and angles [°]: PïB 1.975(2), 
P-C1 1.849(2), P-C2 1.847(2), B-N 1.619(3), C1ïPïC2 99.3(8), C1ïPïB 105.7(1), C2ïPïB 102.1(1), PïBïN 

112.4(2). 



 

 

50 Metal-Free Addition/Head-to-Tail Polymerization of Transient Phosphinoboranes, RPH-BH2 

 

 

Figure S27. Molecular structure of compound 1c determined by single crystal X-ray structure analysis 
(thermal ellipsoids drawn at 50% probability level). (top) heavily disordered structure, (bottom) the two 

enantiomers present. Selected bond lengths [Å] and angles [°]: PïB 1.985(2), PïC 1.890(2), NïB 1.621(2), 
BïPïC 102.7(1), PïBïN 108.9(1). 
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Abstract: Whilst catena-phosphorus cations have been intensively studied in the 

last years, mixed group 13/15 element cationic chains have not been reported so 

far. Reaction of the pnictogenylboranes H2EBH2·NMe3 (E = P, As) with 

monohalideboranes lead to the cationic chain compounds 

[Me3N·BH2EH2BH2·NMe3][X] (E = P, As; X= AlCl4, I) and 

[Me3N·BH2PH2BH2PH2BH2·NMe3][X] (X = I, VCl4(THF)2), respectively. All 

compounds have been characterized by X-ray structure analysis, NMR 

spectroscopy, IR spectroscopy and mass spectrometry. DFT calculations 

elucidate the reaction pathway, the high thermodynamic stability, the charge 

distribution within the chain and confirm the observed solid-state structures. 



 
53 Cationic Chains of Phosphanyl- and Arsanylboranes 

4.1 Introduction 

Over the last years, efforts at catenation of non-carbon elements have gained 

increasing attention. Whereas several chains of polyphosphines and polyphosphorus 

anions have been reported,[1-6] only recently the chemistry of catena-phosphorus cations 

has been discovered by Burford et al., leading to a wide variety of new catena-

phosphorus species (cf. A-C).[7] Besides linear chains, other structural motifs were found. 

Particularly cationic cycles[8,9] like D and cages such as E are known, and their reactivity 

has been studied.[10]  

 
 

Otherwise boron compounds tend to form higher aggregated clusters rather than 

linear chains.[11] Although hints were given for the existence of a linear B8(NMe2)10 

compound,[12] the only structural characterized longer derivatives are B4(NMe2)6
[13] and a 

cyclic B6(NMe2)6.
[14] Recently, a B4R4 chain was stabilized in the coordination sphere of a 

transition metal.[15] All examples reveal the requirement of organic substituents for 

catenation. A similar need was found for a reported In6 chain.[16]  

Lewis acid/base adduct compounds for group 13/15 elements of the type R3E·EôR3 (E 

= group 15 element, Eô = group 13 element) are electronically and structurally related to 

hydrocarbons. The poly(amino- and poly(phosphinoborane)s are mainly obtained by 

dehydrogenation/dehydrocoupling reactions mediated by metal catalysts and represents 

the inorganic analogues of polymers like polyolefins.[17,18] 
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Among the different structural motifs of oligo(phosphinoborane)s only the ring 

systems (F,[19] G[19c] and H[20]) and the short 4-membered chain I[21] have been 

characterized by X-ray structural analysis for which the presence of organic substituents 

is very helpful. Longer chain molecules like J[22] were only characterized by 

spectroscopy.  

We are especially interested in the synthesis of parent 13/15 compounds containing 

EïH bonds,[23] and reported recently the high yield synthesis of the pnictogenylboranes 

H2EBH2·NMe3 (E = P, As).[24] Since they possess a Lewis basic lone pair, they are an 

ideal starting material for the synthesis of oligomeric compounds containing mixed group 

13/15 element chains by NMe3 elimination. For instance, dehydro-oligomerization by 

titanocene leads to unprecedented phosphinoborane chain complexes.[25] Since only 

neutral and complex-bound chain compounds have been reported so far,[25,23b] the quest 

for cationic chain molecules remains open. Herein we report the synthesis and 

characterization of the first cationic chain compounds containing mixed group 13/15 

elements, including the first arsenic-containing chain molecules.  

 

4.2 Results and Discussion 

The reaction of the phosphanyl- or the arsanylborane H2EBH2·NMe3 (E = P, As) with 

one equivalent of AlCl3 and ClBH2·NMe3 leads to the formation of 1 revealing the cationic 

chain [Me3N·BH2ïEH2ïBH2·NMe3]
+ (1a: E = P, 1b: E = As) (Scheme 1, i).  
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Scheme 1. Synthesis of cationic phosphanylborane chain compounds (yields in parentheses): i) +AlCl3 

+ClBH2·NMe3 in CH2Cl2; ii) +IBH2·NMe3 in Et2O; iii) +0.5 IBH2·SMe2 in Et2O; iv) +[VCl3(THF)3] in THF. 

According to 31P NMR investigations, the reaction proceeds without any formation of 

side products, and the compounds 1a,b can be isolated as crystalline solids in good 

yields (1a[AlCl4]: E = P 65%, 1b[AlCl4]: E = As 64%). For 1a[AlCl4], the 31P NMR 

spectrum shows a very broad triplet at ŭ = ï135.0 ppm. The 11B NMR spectra of 

1a[AlCl4] and 1b[AlCl4] show similar chemical shifts at ŭ = ï11.7 ppm (1a[AlCl4]) and 

ŭ = ï9.1 ppm (1b[AlCl4]). In the solid state 1a adopts a zigzag conformation, with all 

substituents being in an antiperiplanar position (Figure 1). The PïB bond length of 

1.957(3) Å is slightly shortened compared to the starting material (1.976(2) Å for 

H2PBH2·NMe3
[23b]). The dihedral-angle defined by the two BïPïB units is only 6.4(1)° 

indicating an almost ideal zigzag conformation. In the solid state, weak H···Cl 

interactions between the PH2 groups of the cation and AlCl4 are observed (H···Cl 

distances 2.83 Å) which are slightly below the sum of the van der Waals radii of chlorine 

and hydrogen (×rvdW H,Cl = 2.85 Å).[26] 

 
Figure 1. Molecular structure of the cation in 1a[AlCl4] and 1a[I] in the solid state. Hydrogen atoms at the 

methyl groups are omitted for clarity. Selected bond lengths [Å] and angles [°]: 1a[AlCl4]: PïB 1.957(2), NïB 
1.594(2)-1.600(2); BïPïB 107.5(8), NïBïP 114.6(1)ï114.7(1); 1a[I]: PïB 1.959(5)-1.966(5), NïB 1.601(6)ï

1.608(6); BïPïB 111.5(8), NïBïP 113.0(3)ï113.8(3). 

Interestingly, 1b shows a distorted zigzag chain in the solid state (Figure 2) with two 

nearly identical AsïB bond lengths (2.076(3) - 2.086(3) Å, 2.071(4) Å for 
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H2AsBH2·NMe3
[24]). One of the two BïAs units adopts an antiperiplanar conformation, 

whereas the second one shows a synclinal conformation, leading to a dihedral angle of 

58.5(2)°. According to DFT calculations, the conformation with two antiperiplanar BïAs 

units is more stable by 3.5 kJ·molī1 in solution. Hence, the conformation found in the 

solid state of 1b is probably a result of packing effects. It is noteworthy that for 1b[AlCl4] 

no H···Cl interactions are observed in the solid state.  

 
Figure 2. Molecular structure of the cation in 1b[AlCl4] and 1b[I] in the solid state. The hydrogen atoms at 

the methyl groups are omitted for clarity. Selected bond lengths [Å] and angles [°]: 1b[AlCl4]: AsïB 2.076(3)-
2.086(4), NïB 1.590(4)-1.595(5); BïAsïB 123.0(1), NïBïAs 113.3(2)-113.8(2); 1b[I]: AsïB 2.076(5)-

2.077(6), NïB 1.587(6)-1.591(6); BïAsïB 123.3(2), NïBïAs 112.2(4)-112.8(3). 

To elucidate the formation pathway, different experiments were carried out. Reacting 

H2EBH2·NMe3 (E = P, As) with AlCl3 results in the formation of the Lewis acid/base 

adduct AlCl3·H2EBH2·NMe3 (E = P, As). The subsequent addition of ClBH2·NMe3 in 

CH2Cl2 neatly yields 1[AlCl4], probably via the intermediary hyper-coordinated Al species 

Me3N·BH2Cl·AlCl3·H2EBH2·NMe3 (E = P, As). If ClBH2·NMe3 is first treated with AlCl3, 

followed by H2EBH2·NMe3 (E = P, As), the yield of the reaction decreases significantly. 

This is probably a consequence of the less stable intermediate boranylium cation 

[Me3N·BH2][AlCl4]. Note that no change of reactivity is observed if AlCl3 is added to a 

mixture of the corresponding pnictogenylborane and ClBH2·NMe3. 

 
Figure 3. Energy profile of the reaction of PH2BH2·NMe3, AlCl3 and ClBH2·NMe3, starting from: a) 

PH2BH2·NMe3 and b) ClBH2·NMe3 

This reaction pathway is further supported by DFT calculations. The overall reaction 

of H2PBH2·NMe3 with AlCl3 and ClBH2·NMe3 to form [1a][AlCl4] is endothermic by 95.9 
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kJ·molī1 in the gas phase. However, it becomes exothermic by ī140.7 kJĿmolī1 when the 

solvent effects are incorporated. The initial step towards the Lewis acid/base adduct 

Me3N·BH2PH2·AlCl3 is exothermic by -116.9 kJ·molī1, whereas the formation of the 

boranylium cation Me3N·BH2
+ is endothermic by 19.5 kJ·molī1, but followed by the 

strongly exothermic addition of the second phosphanylborane unit (Figure 3). Hence, 

both energy profiles are feasible and in a good agreement with the experimental 

observations.  

When IBH2·NMe3, is treated with H2EBH2·NMe3 (E = As, P), no halogen abstracting 

agent is necessary to form 1[I] (1a: E = P, 1b: E = As) in good yields, due to the much 

better leaving group iodine (Scheme 1; ii). The spectroscopic data and geometric 

parameters of 1 are essentially identical with the compounds 1[AlCl4]. In the solid state 

1a[I] and 1b[I] are isostructural to their [AlCl4] derivatives. Even the weak interactions 

between the hydrogen atoms of the EH2 groups and the counter ion are present. 

The Natural Population Analysis (NPA) shows a relatively strong charge separation 

within the cationic chain of 1, the positive charge being accumulated on the central P 

(+0.52e) and As (+0.53e) atom, whereas the B atoms are negatively charged (ī0.22e 

and ī0.18e for 1a and 1b, respectively). Based on the charge distribution the BïEïB unit 

(E = P, As) can formally be described as a phosphonium or arsonium cation.  

Furthermore, we tried to create more extended BïP frameworks by combining the 

good leaving group iodide with an even more labile Lewis base. The corresponding 

reaction of IBH2·SMe2 with H2PBH2·NMe3 leads to the formation of [Me3N·BH2ïPH2ï

BH2ïPH2ïBH2·NMe3]
+[I]- (2[I], Scheme 1, iii) in high yields. Interestingly, when 

H2PBH2·NMe3 is reacted with [VCl3(THF)3], 2[VCl4(THF)2] is obtained (Scheme 1 , iv). 

However, the exact yield of the reaction could not be determined, as [HNMe3] 

[VCl4(THF)2] co-crystallizes with 2[VCl4(THF)2]. We attribute the formation of 

2[VCl4(THF)2] to the presence of ClBH2·NMe3 in the starting material H2PBH2·NMe3.
[24] 

[VCl3(THF)3] acts as halide abstractor leading to the formation of the boranylium cation 

BH2·NMe3
+ which reacts with H2PBH2·NMe3 to give 2[VCl4(THF)2]. The NMR spectra of 

2[VCl4(THF)2] and 2[I] show similar chemical shifts. The solid-state structures of 2[I] and 

2[VCl4(THF)2] show the cation 2 in an all-antiperiplanar conformation in 2[VCl4(THF)2] 

featuring an ideal zigzag chain whereas in 2[I] the arrangement along the two central Bï

P bonds is synclinal (Figures 4 and 5). According to DFT calculations, the energy 

difference between the both alignments in solution is only 5.8 kJ·molī1, favoring the all-

antiperiplanar conformation. Hence, the observed different conformations of 2 probably 

originate from the size of the counter ion and packing effects.  
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Figure 4. Molecular structure of the cation of 2[I] in the solid state. The hydrogen atoms at the methyl groups 

are omitted for clarity. Selected bond lengths [Å] and angles [°]: PïB 1.948(3) - 1.949(5), NïB 1.595(6); Bï
PïB 110.6(2), PïBïP 108.2(1), NïBïP 116.9(3), BïPïBïP 51.7(2).   

An NPA analysis for 2 shows a more accentuated charge separation comparing to 1. 

The positive charge is equally localized on the two phosphorus atoms (+0.58e), whereas 

the negative charge is considerably higher on the central boron atom (ī0.74e) relative to 

the peripheral boron atoms (ī0.23e). Hence, the charge distribution again shows the 

pronounced ionicity of the BïPïBïPïB chains. 

 
Figure 5. Molecular structure of the cation of 2[VCl4(THF)2]. The hydrogen atoms at the methyl groups are 

omitted for clarity. Selected bond lengths [Å] and angles [°]: PïB 1.930(3) - 1.954(3), NïB 1.600(3) - 
1.604(4), BïPïB 109.7(1)-110.5(1), PïBïP 111.4(1), NïBïP 114.6(2) ï 115.5(2), BïPïBïP 171.3(2) ï 

174.6(2).  

4.3 Conclusion 

The results show the advantages of use of the parent phosphinoborane 

H2PBH2·NMe3 as a remarkable monomer to build-up unprecedented cationic chain 

compounds in a stepwise manner, and in high yields, which are structurally and 

electronically related to n-alkanes. These first phosphanylborane chains are unique 

representatives of the cationic class of group 13/15 catena compounds, and they are the 

longest X-ray structural characterized 13/15 chain-compounds. The first arsenic-

containing chain compound has now also been isolated. The chains show excellent 

thermodynamic stability, and the presented concepts will allow the formation of more 

extended chain molecules and also of more complex hydrocarbon-related structures. 

This will contribute to our knowledge about the C/PB relationship, and in future the 

chemical behavior will be investigated in more detail. 
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4.5 Supporting Information 

General Experimental: 

All manipulations were performed under an atmosphere of dry argon using standard 

glove-box and Schlenk techniques. All solvents are degassed and purified by standard 

procedures. The compounds H2EBH2·NMe3 (E = P, As),[1] ClBH2·NMe3
[2] and 

[VCl3(THF)3]
[3] were prepared according to literature procedures. Other chemicals were 

obtained from Sigma-Aldrich (AlCl3, I2) or STREM Chemicals, INC. (BH3ȚSMe2, 

BH3ȚNMe3). The NMR spectra were recorded on either an Avance 400 spectrometer (1H: 

400.13 MHz, 31P: 161.976 MHz, 11B: 128.378 MHz, 13C{1H}: 100.623 MHz, 27Al: 

104.261 MHz) with ŭ [ppm] referenced to external SiMe4 (
1H, 13C), H3PO4 (

31P), BF3·Et2O 

(11B), CFCl3 (19F) or Al(NO3)3·9 H2O (27Al). IR spectra were measured on a DIGILAB 

(FTS 800) FT-IR spectrometer. All mass spectra were recorded on a ThermoQuest 

Finnigan TSQ 7000 (ESI-MS). The C, H, N analyses were measured on an Elementar 

Vario EL III apparatus. 

 

Synthesis of [Me3N·BH2ïPH2ïBH2·NMe3]
+[AlCl4]

- (1a[AlCl4]) 

A solution of 52 mg (0.5 mmol) H2PBH2·NMe3 in 1 mL toluene is added to a 

suspension of 67 mg (0.5 mmol)  AlCl3 in 10 ml CH2Cl2. After stirring the mixture for 10 

minutes, 53 mg (0.5 mmol) ClBH2·NMe3 in 5 ml of CH2Cl2 is added. The mixture is stirred 

for 18 hours. After filtration the solution is layered with 30 mL of n-hexane. 1a[AlCl4] 

crystallises at 4 °C as colourless needles. The crystals are separated and washed with 

cold n-hexane (0°C, 3×5 mL). Yield of 1a[AlCl4]: 95 mg (55 %). 1H NMR (CD2Cl2, 25 °C): 

ŭ = 2.22 (q, 1JH,B = 113 Hz, 4H, BH2), 2.81 (s, 18H, NMe3), 3.74 (dm, 1JH,P = 342 Hz, 2H, 

PH2). 
31P NMR (CD2Cl2, 25 °C): ŭ = ï135.0 (t, 1JH,B = 342 Hz,  br, PH2). 

31P{1H} NMR 

(CD2Cl2, 25 °C): ŭ = ï135.0 (s, br, PH2). 
11B NMR (CD2Cl2, 25 °C): ŭ = ï11.7 (td, 

1JB,P = 62 Hz, 1JB,H = 113 Hz, BH2). 
11B{1H} NMR (CD2Cl2, 25 °C): ŭ = ï11.7 (d, 

1JB,P = 62 Hz, BH2). 
27Al NMR (CD2Cl2, 25 °C): ŭ = 102.9 (s, AlCl4) 

13C NMR (CD2Cl2, 

25 °C): ŭ = 54.5 (d, 3JC,P = 6 Hz, NMe3). IR (KBr): n~  = 3382 (m, vbr, AlCl4), 3013 (m), 

2960 (m), 2920 (m), 2840 (m), 2446 (s, br, BH), 2413 (s, br, BH), 2303 (w, PH), 1638 

(w), 1486 (s), 1470 (s), 1415 (w), 1245 (m), 1156 (m), 1127 (s), 1087 (s), 1056 (m), 1015 

(m), 976 (m), 872 (m), 795 (s), 711 (w), 605 (w), 496 (vs), 483 (vs). ESI-MS (CH2Cl2): 

m/z = 177 (100 %, [Me3N·BH2ïPH2ïBH2·NMe3]
+). Elemental analysis (%) calculated for 

C6H24AlB2Cl4N2P (1a[AlCl4]): C: 20.85, H: 7.00, N: 8.10; found: C: 19.43, H: 6.90, N: 7.53. 
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Synthesis of [Me3N·BH2ïAsH2ïBH2·NMe3]
+[AlCl4]

- (1b[AlCl4]):  

A solution of 74 mg (0.5 mmol) H2AsBH2·NMe3 in 1 mL toluene is added to a 

suspension of 67 mg (0.5 mmol) AlCl3 in 10 ml CH2Cl2. After stirring the mixture for 10 

minutes, 53 mg (0.5 mmol) ClBH2·NMe3 in 5 ml of CH2Cl2 is added. The mixture is stirred 

for 18h hours. After filtration the solution is layered with 30 mL of n-hexane. 1b[AlCl4] 

crystallises at room temperature as colourless needles. The crystals are separated and 

washed with cold n-hexane (0°C, 3×5 mL). Yield of 1b[AlCl4]: 125 mg (64 %); 1H NMR 

(CD2Cl2, 25 °C): ŭ = 2.48 (q, 1JH,B = 115 Hz, 4H, BH2), 2.82 (s, 18H, NMe3). 
11B NMR 

(CD2Cl2, 25 °C): ŭ = ï9.1 (t, 1JB,H = 115 Hz, BH2). 
11B{1H} NMR (CD2Cl2, 25 °C): ŭ = ï9.1 

(s, BH2). 
27Al NMR (CD2Cl2, 25 °C): ŭ = 102.9 (s, AlCl4) 

13C NMR (CD2Cl2, 

25 °C): ŭ = 54.5 (s, NMe3). IR (KBr): n~  = 3350 (m, vbr, AlCl4), 3059 (m), 2958 (m), 2458 

(s, br, BH), 2420 (s, br, BH), 2312 (w), 2177 (m, AsH), 1638 (w), 1485 (s), 1469 (s), 1420 

(w), 1243 (m), 1161 (m), 1123 (s), 1072 (s), 1011 (m), 978 (m), 869 (m), 736 (w), 680 

(m), 612 (m), 496 (vs). ESI-MS (CH2Cl2): m/z = 221 (100 %, [Me3N·BH2ïAsH2ï

BH2·NMe3
+). Elemental analysis (%) calculated for C6H24AlAsB2Cl4N2 (1b[AlCl4]): 

C: 18.50, H: 6.21, N: 7.19; found: C: 18.21, H: 5.89, N: 6.89. 

 

Synthesis of Me3N·BH2I: 

To a solution of 5 g (68.5 mmol) BH3ȚNMe3 in 100 mL of Et2O 8.6 g (33.9 mmol) I2 is 

added in 5 portions. After stirring the mixture for 18 hours, all volatiles are removed 

under reduced pressure. The remaining white solid is washed 5 times with 30 mL of n-

hexane, and dried under reduced pressure. Yield of [Me3N·BH2I]: 13.1 g (95 %); 1H NMR 

(CDCl3, 25 °C): ŭ = 2.83 (s, 9H, NMe), 2.90 (q, 1JH,B = 128 Hz, 4H, BH2). 
11B NMR 

(CDCl3, 25 °C): ŭ = ï9.4 (t, 1JB,H = 130 Hz, BH2). 
11B{1H} NMR (CDCl3, 25 °C): ŭ = ï9.4 

(s, BH2).  

 

Synthesis of [Me3N·BH2ïPH2ïBH2·NMe3]
+ [I]- (1a[I]):  

To a solution of 252 mg (2.40 mmol) H2PBH2·NMe3 in 80 mL of Et2O, 508 mg 

IBH2ĀNMe3 (2.55 mmol) are added in 3 portions. After stirring for 16 h at room 

temperature, all volatiles are removed under reduced pressure. The remaining solid is 

washed several times with toluene. 1a[I] remains as a white solid. Crystals of 1a[I] are 

obtained as colourless blocks by layering a solution in a 3:1 mixture of THF/acetonitrile 

with of n-hexane. Yield of 1a[I]: 480 mg (66 %); 1H NMR (CD3CN, 25 °C): ŭ = 2.14 (q, 

1JH,B = 111 Hz, 4H, BH2), 2.74 (s, 18H, NMe3), 3.77 (dm, 1JH,P = 350 Hz, 2H, PH2). 
31P 

NMR (CD3CN, 25 °C): ŭ = ï136.0 (tm, 1JH,B = 350 Hz,  br, PH2). 
31P{1H} NMR (CD3CN, 

25 °C): ŭ = ï136.0 (m, br, PH2). 
11B NMR (CD3CN, 25 °C): ŭ = ï11.0 (td, 1JB,P = 63 Hz, 

1JB,H = 111 Hz, BH2). 
11B{1H} NMR (CD3CN, 25 °C): ŭ = ï11.0 (d, 1JB,P = 63 Hz). IR (KBr): 
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n~  = 3008 (w, CH), 2992 (w, CH), 2953 (w, CH), 2904 (w, CH), 2804 (w), 2739 (w), 2442 

(s, br, BH), 2411 (s, br, BH), 2363 (w, PH), 2312 (w, PH), 2301 (w), 1483 (m, sh), 1473 

(s), 1443 (w), 1412 (w), 1252 (w, sh), 1244 (s), 1157 (m), 1129 (s), 1084 (s), 1055 (w), 

1011 (s), 973 (m), 946 (w), 874 (w), 809 (vs), 709 (m), 412 (w). ESI-MS (CD3CN): m/z = 

177 (100 %, [Me3N·BH2ïPH2ïBH2·NMe3]
+). Elemental analysis (%) calculated for 

C6H24B2IN2P (1a[I]): C: 23.72, H: 7.96, N: 9.22; found: C: 23.51, H: 7.22, N: 9.25. 

 

Synthesis of [Me3N·BH2ïAsH2ïBH2·NMe3]
+[I]- (1b[I]):  

To a solution of 74 mg (0.5 mmol) H2AsBH2·NMe3 in 20 mL of Et2O, 100 mg 

IBH2ĀNMe3 (0.5 mmol) are added in 3 portions at -80°C. After stirring for 16 h at room 

temperature, all volatiles are removed under reduced pressure. The remaining solid is 

washed several times with 10 mL n-hexane. 1b[I] remains as a white solid. Crystals of 

1b[I] form already during the reaction. Yield of 1b[I]: 100 mg (58 %); 1H NMR (CD2Cl2, 

25 °C): ŭ = 2.45 (q, 1JH,B = 116 Hz, 4H, BH2), 2.89 (s, 18H, NMe3), 3.26 (m, 2H, AsH2). 

11B NMR (CD2Cl2, 25 °C): ŭ = ï9.11 (t, 1JB,H = 116 Hz, BH2). 
11B{1H} NMR (CD2Cl2, 

25 °C): ŭ = ï9.11 (s). 13C NMR (CD2Cl2, 25 °C): ŭ = 54.7 (s, NMe3). IR (KBr): n~  = 3009 

(m), 3003 (m), 2949 (m), 2840 (m), 2807 (m),  2739 (m), 2455 (s, br, BH), 2418 (s, br, 

BH), 2320 (w), 2155 (m, AsH), 2120 (m, AsH), 1470 (s), 1413 (m), 1243 (m), 1164 (m), 

1126 (s), 1067 (s), 1011 (m), 978 (m), 956 (m), 871 (m), 843 (m), 796 (m), 731 (w), 686 

(m), 641 (m),  473 (w). ESI-MS (CH2Cl2): m/z = 220.9 (25%, [Me3N·BH2ïAsH2ï

BH2·NMe3]
+), 294.8 (27%, [Me3N·BH2ïAsH2ïBH2·NMe3]

+·OEt2), 367.9 (100%, 

[Me3N·BH2ïAsH2ïBH2·NMe3]
+·2OEt2). Elemental analysis (%) calculated for 

C6H24AsB2IN2 (1b[I]): C: 20.73, H: 6.96, N: 8.06; found: C: 20.59, H: 6.48, N: 7.70. 

 

Synthesis of Me2S·BH2I:  

To a solution of 1.519 g (20 mmol) of BH3ȚSMe2 in 50 mL of benzene 2.5 g (9.9 mmol) 

I2 is added in 5 portions. After stirring the mixture for 18 hours, all volatiles are removed 

under reduced pressure. The remaining colourless liquid is filtrated and stored at -28°C. 

Yield of [Me2S·BH2I]: 3.45 g (86 %); 1H NMR (CDCl3, 25 °C): ŭ = 1.4 (s, 6H, SMe), 2.98 

(q, 1JH,B = 136 Hz, 2H, BH2). 
11B NMR (CDCl3, 25 °C): ŭ = ï20.9 (t, 1JB,H = 136 Hz, BH2). 

11B{1H} NMR (CDCl3, 25 °C): ŭ = ï20.9 (s, BH2).  

 

Synthesis of [Me3N·BH2ïPH2ïBH2ïPH2ïBH2·NMe3]
+[I]- (2[I]):  

104 mg (1 mmol) H2PBH2·NMe3 in 2 mL of toluene is added to 20 ml of Et2O. At -80 

°C 0.5 mL (0.5 mmol) of a 1M solution of Me2S·BH2I in toluene is added. After 2 h a 

white solid precipitates. After stirring the mixture for additional 18 h, the Et2O solution is 
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decanted and the remaining solid is washed 3 times with 10 mL of n-hexane. Crystals of 

2[I] are obtained as colourless blocks by storing an acetonitrile solution at -28°C for 

several days. Yield of 2[I]: 140 mg (80 %). 1H NMR (CD2Cl2, 25 °C): ŭ = 1.28 (q, 

1JH,B = 107 Hz, 2H, BH2), 2.23 (q, 1JH,B = 118 Hz, 4H, BH2), 2.85 (s, 18H, NMe3), 3.92 

(dm, 1JH,P = 352 Hz, 4H, PH2). 
31P NMR (CD2Cl2, 25 °C): ŭ = ï120.0 (t, br 1JH,P = 355 Hz, 

PH2). 
31P{1H} NMR (CD2Cl2, 25 °C): ŭ = ï120.0 (s, br, PH2). 

11B NMR (CD2Cl2, 25 °C): 

ŭ = ï11.0 (td, 1JB,P = 67 Hz, 1JB,H = 111 Hz, BH2),  ï40.6 (tt, 1JB,P = 64 Hz, 1JB,H = 118 Hz, 

BH2). 
11B{1H} NMR (CD2Cl2, 25 °C): ŭ = ï11.0 (d, 1JB,P = 67 Hz, BH2),  ï40.6 (t, 

1JB,P = 64 Hz, BH2). 
13C NMR (CD2Cl2, 25 °C): ŭ = 54.5 (m, NMe3). IR (KBr): n~  = 2997 

(m), 2949 (m), 2904 (w), 2807 (w), 2739 (w), 2433 (s, br, BH), 2407 (s, br, BH), 2305 (w, 

PH), 1473 (s), 1411 (m), 1244 (s), 1156 (m), 1132 (s), 1097 (s), 1061 (m), 1014 (m), 977 

(m), 928 (w), 862 (m), 816 (s), 801 (s), 715 (w), 659 (w), 592 (w). ESI-MS (CH2Cl2): 

m/z = 223.2 (100 %, [Me3N·BH2ïPH2ïBH2ïPH2ïBH2·NMe3]
+). Elemental analysis (%) 

calculated for C6H28B3IN2P2 (2[I]-): C: 20.61, H: 8.07, N: 8.01; found: C: 20.55, H: 8.07, N: 

7.53. 

 

Synthesis of [Me3N·BH2ïPH2ïBH2ïPH2ïBH2·NMe3]
+[VCl4(THF)2]

- (2[VCl4(THF)2]):  

To a solution of 306 mg (0.819 mmol) [VCl3(THF)3] in 5 ml THF a solution of 86 mg 

(0.819 mmol) H2PBH2·NMe3 in 2 ml THF is added drop wise under stirring. The mixture 

is stirred for 6 hours. The volume is reduced to the half and the concentrated solution is 

slowly added to 30 ml n-hexane when 2[VCl4(THF)2] precipitates. For complete 

precipitation the solution is stored for an hour at ï28 °C. After filtration the precipitate is 

dried in vacuum. 2[VCl4(THF)2] is obtained as a pale pink solid. Crystals of 2[VCl4(THF)2] 

can be obtained by layering the concentrated solution with the double amount of n-

hexanes. Yield of 2[VCl4(THF)2]: -- mg (--%); 1H NMR (CD3CN, 25 °C): ŭ = silent, due to 

the paramagnetic counter ion [VCl4(THF)2]
-. 31P NMR (CD3CN, 25 °C): ŭ = ï119.7 (t, 

1JH,P = 341 Hz, br, PH2). 
31P{1H} NMR (CD2Cl2, 25 °C): ŭ = ï119.7 (s, br, PH2). 

11B NMR 

(CD2Cl2, 25 °C): ŭ = ï10.6 (td, 1JB,P = 64 Hz, 1JB,H = 109 Hz, BH2),  ï40.9 (tt, 

1JB,P = 68 Hz, 1JB,H = 107 Hz, BH2).  11B{1H} NMR (CD2Cl2, 25 °C): ŭ = ï10.6 (d, 

1JB,P = 64 Hz, BH2),  ï40.9 (t, 1JB,P = 68 Hz, BH2). IR (KBr): n~  = 2467 (m, br, BH); 2433 

(m, sh, BH); 2402 (m, sh, PH); 2358 (w, sh, PH). ESI-MS (CD3CN): cation: m/z = 223.0 

(100 %, [Me3N·BH2ïPH2ïBH2ïPH2ïBH2·NMe3]
+); anion: m/z = 190.7 (80 %, [VCl4]

ï). 

 

X-ray diffraction analysis 

The X-ray diffraction experiments were performed on either a Gemini R Ultra CCD 

diffractometer (1a[AlCl4], 1a[I], 1b[I], 2[VCl4(THF)2], 2[I]) or a SuperNova A CCD 

diffractometer (1b[AlCl4])  from Agilent Technologies (formerly Oxford Diffraction) 
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applying Cu-KŬ radiation (ɚ = 1.54178 Å). 2[I] was measured with Mo-KŬ radiation 

(ɚ = 0.71073 Å). The measurements were performed at 123 K. Crystallographic data 

together with the details of the experiments are given in the Tables 1 - 3 (see below). 

Absorption corrections were applied semi-empirically from equivalent reflections or 

analytically (SCALE3/ABSPACK algorithm implemented in CrysAlis PRO software by 

Agilent Technologies Ltd).[4] All structures were solved using SIR97[5], except 

2[VCl4(THF)2], which was solved by SUPERFLIP,[6] Refinements against F2 in anisotropic 

approximation were done using SHELXL-97.[7] The hydrogen positions of the methyl 

groups were located geometrically and refined riding on the carbon atoms. Hydrogen 

atoms belonging to BH2, PH2 and AsH2 groups were located from the difference Fourier 

map and refined without constraints (1a[AlCl4], 1b[AlCl4], 2[VCl4(THF)2]) or with 

restrained EïH (E = P, As) distances (1a[I], 1b[I], 2[I]). Figures were created with 

SCHAKAL99, DIAMOND 3 and OLEX.[8] CCDC-974446  (1a[AlCl4]),  CCDC-974447  

(1a[I]),  CCDC-974448  (1b[AlCl4]),  CCDC-974449  (1b[I]),  CCDC-974450  (2[I]),  and  

CCDC-974451  (2[VCl4(THF)2])  contain  the supplementary crystallographic data for 

this paper. These data can be obtained free of charge from the Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

 

Crystal Structures  

 

[Me3N·BH2ïPH2ïBH2·NMe3]
+[AlCl4]

- (1a[AlCl4]): 

1a[AlCl4] crystallizes from a CH2Cl2 solution layered by twice the amount of n-hexane 

at room temperature as colourless needles in the orthorhombic space group Pna21. 

Figure S1 shows the structure of 1a[AlCl4] in the solid state. 

 
Figure S1. Left: molecular structure 1a[AlCl4] in the solid state. Selected bond lengths [Å] and angles [°]: P1-

ïB1 1.957(2), P1ïB2 1.957(2), N1ïB 1.594(2), N2ïB2 1.600(2), B1ïP1ïB2 107.5(1), P1ïB1ïN1 114.7(1), 
P1ïB2ïN2 114.7(1). 
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[Me3N·BH2ïAsH2ïBH2·NMe3]
+[AlCl4]

- (1b[AlCl4]): 

1b[AlCl4] crystallizes from a CH2Cl2 solution layered by twice the amount of n-hexane 

at room temperature as colourless needles in the orthorhombic space group P212121. 

Figure S2 shows the structure of 1b[AlCl4] in the solid state. 

 
Figure S2. Molecular structure of 1b[AlCl4] in the solid state. Selected bond lengths [Å] and angles [°]: As1ï

B1 2.086(4), As1ïB2 2.076(3), N1ïB1 1.590(4), N2ïB2 1.595(5), B1ïAs1ïB2 123.02(14), As1ïB1ïN1 
113.3(2), As1ï B2ïN2 113.8(2). 

[Me3N·BH2ïPH2ïBH2·NMe3]
+[I]- (1a[I]): 

1a[I] crystallizes in form of colourless blocks in the monoclinic space group P21n. 

Figure S3 shows the structure of 1a[I] in the solid state. 

 

Figure S3. Molecular structure of 1a[I] in the solid state. Selected bond lengths [Å] and angles [°]: P1ïB1 

1.966(5), P1ïB2 1.959(5), N1ïB1 1.608(6), N2ïB2 1.601(6), B1ïP1ïB2 111.5(2), P1ïB1ïN1 113.0(3), P1ï
B2ïN2 113.8(3). 

[Me3N·BH2ïAsH2ïBH2·NMe3]
+[I]- (1b[I]): 

1b[I] crystallizes in form of colourless blocks in the monoclinic space group C2c. 

Figure S4 shows the structure of 1b[I] in the solid state. 
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Figure S4. Molecular structure of 1b[I] in the solid state. Selected bond lengths [Å] and angles [°]: As1ïB1 
2.077(5), As1ïB2 2.076(6), N1ïB1 1.587(6), N2ïB2 1.591(6), N2ïC5 1.495(7), N2ïC6 1.495(6), B1ïAs1ï

B2 123.3(2), As1ïB1ïN1 112.8(3), As1ïB2ïN2 112.2(4). 

[Me3N·BH2ïPH2ïBH2ïPH2ïBH2·NMe3]
+[I]- (2[I]): 

2[I] crystallises by storing a acetonitrile of 2[I] solution at -28°C in form of colourless 

blocks in the monoclinic space group P2/c. Figure S5 shows the structure of 2[I] in the 

solid state. 

 
Figure S5. Molecular structure of 2[I] in the solid state. Selected bond lengths [Å] and angles [°]: P1ïB1 

1.949(5), P1ïB2 1.948(3), N1ïB1 1.595(6), B1ïP1ïB2 110.63(18), P1ïB1ïN1 116.9(3), P1ïB2ïP1 

108.2(2). 

[Me3N·BH2ïPH2ïBH2ïPH2ïBH2·NMe3]
+[VCl4(THF)2]

- (2[VCl4(THF)2]): 

2[VCl4(THF)2] crystallises in form of yellow plates in the monoclinic space group P 21/c 

by layering a concentrated solution in THF with n-hexanes. Figure S6 shows the 

structure of 2[VCl4(THF)2] in the solid state. 

  
Figure S6: Molecular structure of the cation of 2[VCl4(THF)2]

-
  in the solid state. Selected bond lengths [Å] 

and angles[°]: P1ïB1 1.954(3), P1ïB2 1.945(3), P2ïB2 1.930(3), P2ïB3 1.950(3), N1ïB1 1.600(3), N2ïB3 
1.604(4), N1ïB1ï P1 114.62(19), B1ïP1ïB2 110.49(13), P1ïB2ïP3 111.36(17), B2ïP2ïB3 109.74(14), 

P2ïB3ïN2 115.5(2).  
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Crystallographic information 

Table S1. Crystallographic data for compounds 1a[AlCl4] and 1b[AlCl4]. 

            1a[AlCl4]       1b[AlCl4]  

Empirical formula       C6H24AlB2Cl4N2P    C6H24AlAsB2Cl4N2  

Formula weight M       345.64 g/mol     389.59 g/mol   

Crystal           colourless needle   colourless block  

Crystal size  [mm3]      0.74 x 0.16 x 0.09    0.24 x 0.23 x 0.14   

Temperature T        123(1) K       123(1) K   

Crystal system        orthorhombic     orthorhombic   

Space group         Pna21       P212121   

Unit cell dimensions      a = 13.9502(1) Å    a = 9.6860(2) Å  

            b = 21.2715(2) Å    b = 11.3287(2) Å     

c = 6.0802(1) Å     c = 16.4121(2) Å    

            Ŭ = 90°       Ŭ = 90°       

            ɓ = 90°       ɓ = 90°   

ɔ = 90°       ɔ = 90°    

Volume V          1804.25(4) Å3      1800.90(5) Å3   

Formula units Z        4          4    

Absorption coefficient ɛCu-KŬ   7.104 mmï1      8.319 mmï1   

Density (calculated) ɟcalc     1.273 g/cm3      1.437 g/cm3   

F(000)           720        792    

Theta range ɗmin/ɗmax      3.79 / 73.80°     4.74 / 73.45°.   

Absorption correction     analytical      analytical 

Index ranges         ï17 < h < 17      ï10 < h < 11      

            ï26 < k < 26      ï13 < k < 10    

            ï7 < l < 7      ï20 < l < 20   

Reflections collected      29533       7537   

Independent reflections [I > 2ů(I)] 3591 (Rint = 0.0468)   3438 (Rint = 0.0298)  

Completeness to full ɗ     0.997        0.990    

Transmission Tmin / Tmax     0.073 / 0.612      0.258 / 0.438   

Data / restraints / parameters   3628 / 1 / 176     3485 / 0 / 175   

Goodness-of-fit on F2 S     1.017        1.037    

Final R-values [I > 2ů(I)]    R1 = 0.0237,      R1 = 0.0301,   

            wR2 = 0.0668     wR2 = 0.0784    

Final R-values (all data)     R1 = 0.0239,     R1 = 0.0305,      

            wR2 = 0.0670     wR2 = 0.0788   

Largest difference hole     ï0.291,       ï0.374,   

and peak ȹɟ         0.283 eÅï3      0.626 eÅï3    

Flack parameter       0.06(1)       0.03(2)    
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Table S2. Crystallographic data for compounds 1a[I] and 1b[I]. 

            1a[I]       1b[I]  

Empirical formula       C6H24B2IN2P    C6H24B2AsN2P  

Formula weight M       303.76 g/mol    347.71 g/mol   

Crystal           colourless block   colourless block  

Crystal size  [mm3]      0.14 x 0.08 x 0.08   0.21 x 0.15 x 0.09   

Temperature T        123(1) K      123(1) K   

Crystal system        monoclinic     monoclinic  

Space group         P21n       C2c   

Unit cell dimensions      a = 9.4332(2) Å    a = 20.2158(4) Å  

            b = 6.8542(1) Å    b = 13.5649(2) Å      

c = 22.3341(3) Å    c = 11.7771(2) Å    

            Ŭ = 90°      Ŭ = 90°        

ɓ = 92.300(2)°    ɓ = 115.707(2)° 

ɔ = 90°      ɔ = 90°    

Volume V          1442.89(4) Å3     2909.93(11) Å3  

Formula units Z        4         8    

Absorption coefficient ɛCu-KŬ   18.174 mmï1     19.512 mmï1   

Density (calculated) ɟcalc     1.398 g/cm3     1.587 g/cm3   

F(000)           608       1360    

Theta range ɗmin/ɗmax      3.96 / 66.44°    4.02 / 66.63°.   

Absorption correction     analytical     analytical 

Index ranges         ï11 < h < 11     ï23 < h < 24       

            ï8 < k < 5      ï16 < k < 12       

            ï26 < l < 26    ï13 < l < 14   

Reflections collected      9440       20347  

Independent reflections [I > 2ů(I)] 2159 (Rint = 0.0664)  2326 (Rint = 0.0842)  

Completeness to full ɗ     0.996       0.998    

Transmission Tmin / Tmax     0.214 / 0.402     0.103 / 0.354   

Data / restraints / parameters   2530 / 5 / 133    2566 / 7 / 139   

Goodness-of-fit on F2 S     1.064       1.106    

Final R-values [I > 2ů(I)]    R1 = 0.0479,     R1 = 0.0321,   

            wR2 = 0.1113    wR2 = 0.0912    

Final R-values (all data)     R1 = 0.0479,    R1 = 0.0351,  

            wR2 = 0.1033    wR2 = 0.0925   

Largest difference hole     ï1.130,      ï0.746,   

and peak ȹɟ         1.258 eÅï3     0.108 eÅï3   
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Table S3. Crystallographic data for compounds 2[I] and 2[VCl4(THF)2]. 

            2[I]        2[VCl4(THF)2]  

Empirical formula       C6H28B3I1N2P2     C14H44B3Cl4N2O2P2V  

Formula weight M       349.57 g/mol     559.62 g/mol   

Crystal           colourless block    yellow plate  

Crystal size  [mm3]      0.23 x 0.13 x 0.08    0.29 x 0.21 x 0.06   

Temperature T        123(1) K       123(1) K   

Crystal system        monoclinic      monoclinic  

Space group         P 2/c        P 21/c   

Unit cell dimensions      a = 10.8435(3) Å    a = 18.6430(3) Å  

            b = 7.1547(1) Å     b = 10.3593(2) Å    

            c = 11.9395(4) Å     c = 15.7607(2) Å    

            Ŭ = 90°       Ŭ = 90° 

            ɓ = 112.021(4)°    ɓ = 111.880(2)°  

ɔ = 90°       ɔ = 90°    

Volume V          858.71(5) Å3      2824.60(8) Å3   

Formula units Z        2          4    

Absorption coefficient ɛCu-KŬ   2.025 mmï1      7.588 mmï1   

Density (calculated) ɟcalc     1.352 g/cm3      1.316 g/cm3   

F(000)           352        1176    

Theta range ɗmin/ɗmax      3.39 / 30.05°     4.98 / 72.84°   

Absorption correction     analytical      multi-scan 

Index ranges         ï14 < h < 14      ï22 < h < 19   

            ï9 < k < 9       ï12 < k < 9      

            ï16 < l < 16     ï18 < l < 19   

Reflections collected      8573        10304  

Independent reflections [I > 2ů(I)] 2024 (Rint = 0.0262)   3998 (Rint = 0.0448)  

Completeness to full ɗ     0.999        0.999    

Transmission Tmin / Tmax     0.724 / 0.904     0.209 / 1.000   

Data / restraints / parameters   2284 / 5 / 88     5459 / 0 / 299   

Goodness-of-fit on F2 S     1.057        0.956    

Final R-values [I > 2ů(I)]    R1 = 0.0332,      R1 = 0.0461,   

            wR2 = 0.0789      wR2 = 0.1033   

Final R-values (all data)     R1 = 0.0384,     R1 = 0.0632,     

            wR2 = 0.0825     wR2 = 0.1128   

Largest difference hole     ï0.679,       ï0.710,   

and peak ȹɟ         0.937 eÅï3      0.796 eÅï3    
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NMR spectroscopy 

[Me3N·BH2ïPH2ïBH2·NMe3]
+[AlCl4]

- (1a[AlCl4]): 

 
Figure S7: 

11
B{

1
H} (bottom) and 

11
B NMR spectrum (top) of 1a[AlCl4] in CD2Cl2. * = decomposition product 

ClBH2·NMe3. 

 
Figure S8: 

31
P{

1
H} (bottom) and 

31
P NMR spectrum (top) of 1a[AlCl4] in CD2Cl2. * = decomposition product 

PH3. 

 

* 

* 

* 

* 
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[Me3N·BH2ïAsH2ïBH2·NMe3]
+[AlCl4]

- (1b[AlCl4]): 

 
Figure S9: 

11
B{

1
H} (bottom) and 

11
B NMR spectrum (top) of 1b[AlCl4] in CD2Cl2. 

[Me3N·BH2ïPH2ïBH2·NMe3]
+[I]- (1a[I]): 

 
Figure S10: 

1
H NMR spectrum of 1a[I] in CD3CN. * = solvent (CH3CN)  

* 
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Figure S11: 

11
B{

1
H} (bottom) and 

11
B NMR spectrum (top) of 1a[I] in CD3CN. 

 
Figure S12: 

31
P{

1
H} (bottom) and 

31
P NMR spectrum (top) of 1a[I] in CD3CN  



 

 

74 Cationic Chains of Phosphanyl- and Arsanylboranes 

[Me3N·BH2ïAsH2ïBH2·NMe3]
+[I]- (1b[I]): 

Figure S13: 
1
H NMR spectrum of 1a[I] in CD2Cl2. * = solvent (*)  

 
Figure S14: 

11
B{

1
H} (bottom) and 

11
B NMR spectrum (top) of 1b[I] in CD2Cl2. 
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[Me3N·BH2ïPH2ïBH2ïPH2ïBH2·NMe3]
+[I]- (2[I]): 

 
Figure S15: 

1
H NMR spectrum of 2[I] in CD2Cl2. 

 
Figure S16: 

11
B{

1
H} (bottom) and 

11
B NMR spectrum (top) of 2[I] in CD2Cl2. 
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Figure S17: 
31

P{
1
H} (bottom) and 

31
P NMR spectrum (top) of 2[I] in CD2Cl2. 

Computational Details 

All calculations have been performed with the TURBOMOLE program package[9] at 

the B3LYP[10]/def2-TZVP[11] level of theory. The nature of the stationary point was 

checked by the absence of imaginary frequencies. For the calculation of the energy 

profile and relative energies the solvent effects were incorporated via the Conductor-like 

Screening Model (COSMO)[12] using the dielectric constant of CH2Cl2 (Ů = 8.930). The 

natural population analysis[13] was performed as implemented in TURBOMOLE on the 

geometries optimized in the gas phase.  
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       a)                 b) 
 

Figure S18. Energy profile of the reaction of PH2BH2NMe3, AlCl3 and ClBH2NMe2, starting from: a) 

PH2BH2NMe3 and b) ClBH2NMe3. Relative energies calculated at the B3LYP/def2-TZVP level. 

Table S4. Calculated reaction enthalpies at the B3LYP/def2-TZVP level of theory.  

Reaction 

Reaction 

enthalpy 

(kJ·molī1) 

H2PBH2NMe3 + ClBH2NMe3 + AlCl3 = [Me3NBH2PH2BH2NMe3]
+ + [AlCl4]

ī ī140.65 

H2PBH2NMe3 + AlCl3 = Me3NBH2PH2AlCl3  ī116.94 

Me3NBH2PH2AlCl3 + ClBH2NMe3 = [Me3NBH2PH2BH2NMe3]
+ + [AlCl4]

ī ī23.71 

AlCl3 + ClBH2NMe3 = [Me3NBH2]
+ + [AlCl4]

ī 19.47 

H2PBH2NMe3 + [Me3NBH2]
+  = [Me3NBH2PH2BH2NMe3]

+  ī160.12 

 

Cartesian coordinates of the optimized geometry (xyz) can be obtained from 

http://dx.doi.org/10.1002/anie.201310519. 
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5. Cationic chains of Arsanylboranes and substituted 

Phosphanylboranes  

 

C. Marquardt, G. Balázs, A.V. Virovets and M. Scheer 

 

 

 

 

 

 

 

 

 

Abstract: The substituted monomeric phosphanylboranes Ph2PïBH2·NMe3 and tBuHPï

BH2·NMe3, have been used for the synthesis of cationic chain compounds buildup by 

R2EïBH2 units. The products [Me3N·H2BïPR1R2ïBH2·NMe3]
+Iī and [Me3N·H2BïPR1R2ï

BH2ïPR1R2ïBH2·NMe3]
+Iī (R1 = R2 = Ph; R1 = H, R2 = tBu) were studied by X-ray 

structure analysis, NMR, IR spectroscopy and mass spectrometry. DFT calculations 

show the relatively high charge separation within the cation. The reaction of H2Asï

BH2·NMe3 with IBH2·SMe2 leads to the formation of [Me3N·H2BïAsH2ïBH2ïAsH2ï

BH2·NMe3]
+Iī (3a), which was fully characterized. Compound 3a reacts with acetonitrile 

via a formal hydroarsination reaction to [cyclo-{As(BH2·NMe3)(CMe=NH)2(BH2)]
+[I]- (3b). 

The reported synthetic strategy proved to be a general way for the formation of small, 

cationic oligomeric units. 
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5.1 Introduction 

In the last years phosphine-borane adducts of the type H3B·PH2R (R = aryl, alkyl) 

gained increasing interest, as they are valuable precursors for the synthesis of inorganic 

polymers via metal catalyzed dehydrocoupling reactions.[1] Very recently a new earth 

abundant polymerization catalyst was reported for the synthesis of 

poly(phosphinoborane)s.[2] In addition the ferrocenyl substituted phosphine-borane 

adduct H3B·PHtBuFc (Fc = ferrocen) was dimerized by a dehydrocoupling reaction.[3] 

Besides the linear poly(phosphinoborane)s, the homocatenation of non-carbon elements 

is also in the focus of current research. Whereas several chains of polyphosphines and 

polyphosphorus anions have been reported some decades ago,[4] only recently the 

chemistry of catena-phosphorus cations was extensively studied by Burford, leading to a 

variety of new catena-phosphorus species.[5] Besides homoatomic species, mixed group 

13/15 element cations are of high interest. Boronium cations of the formula 

[H2B(EMe3)2]
+ (E = P, As) are already known for some decades.[6] Dications, where 3 

phosphorus donors coordinate to a formally BH2+ dication (i.e. [BH(PMe3)3]
2+) have been 

reported, as well.[7] In addition to linear species many examples of cyclic species are 

known (I, II).[8] The diphosphinoboronium cations can be used for the facile synthesis of 

highly congested diphosphinobenzene derivatives,[9] deprotonation of [H2B(PMe3)2]
+ with 

MeLi, leads to the ylide III which was used as chelating ligands for transition metals 

(IV).[10] The application of diphosphinoboronium cations as precursors for chiral ligands 

for Rh-catalyzed asymmetric hydrogenation has also been reported.[11]  
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Our group is especially interested in the synthesis and reactivity of group 13/15 

compounds bearing only hydrogen substituents at the group 13/15 elements. We 

reported the high-yield synthesis of the pnictogenylboranes H2EBH2·NMe3 (E = P, As),[12] 

which are excellent building blocks for the generation of oligomeric[13] and polymeric[14] 

compounds. Furthermore, this enabled the preparation of compounds containing cationic 

chains of phosphanyl- and arsanylboranes of type V and VI, which are relatives of 

alkanes.[15] For the arsenic derivative, only V containing the shorter cationic chain 

[Me3N·H2BïAsH2ïBH2·NMe3]
+ was obtained. In the case of phosphorus as the group 15 

element the cationic species [Me3N·H2Bï[PH2ïBH2]n·NMe3]
+ (V: n = 1; VI: n = 2) could 

be isolated and characterized. Interestingly, in the electron impact mass spectrometry 

experiments of polymers obtained by thermolysis experiments of Ph2PïBH2·NMe3 (1) 

and tBuHPïBH2·NMe3 (2), cationic chains of the type V and VI were observed and are 

supposed to play an important role during the polymerization.[14] Motivated from our 

recent results in the field of poly(phosphinoborane)s and cationic chain-like compounds 

of the unsubstituted phosphanylborane, we aimed for a selective approach and 

investigated the reactivity of 1 and 2 towards IBH2·NMe3 as well as IBH2·SMe2.  

5.2 Results and Discussion 

The reaction of 1 and 2 with IBH2·NMe3 leads quantitatively (according to 31P NMR) to 

the formation of [Me3N·H2BïPR1R2ïBH2·NMe3]
+[I]ī (1a R1 = R2 = Ph, 2a R1 = H, R2 = 

tBu) and can be isolated in good crystalline yields (Scheme 1). By reacting IBH2·SMe2, 

containing the more labile Lewis base SMe2 with 1 and 2 the compounds [Me3N·H2Bï

PR1R2ïBH2ïPR1R2ïBH2·NMe3] (1b R1 = R2 = Ph, 2b R1 = H, R2 = tBu), with a longer 

cationic chains are formed quantitatively and can be isolated in good crystalline yields 

(Scheme 1). All obtained ionic compounds are white solids which are well soluble in 

polar solvents like CH2Cl2, MeCN or THF. Similar to the cationic chains of the parent 

compound I and II, they are not sensitive towards oxygen or moisture. 
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Scheme 1. Synthesis of 1a, 1b, 2a and 2b. Crystalline yields are given in parentheses. 

 
Figure 1. 

31
P NMR spectra of 1a (bottom) and 1b (top) in CD2Cl2. 

The 31P NMR spectra reveal a broad singlet at ŭ = ï37.3 ppm for 1a and at ŭ = ï

30.0 ppm for 1b, respectively. In the 11B NMR spectrum of 1a a broad signal can be 

detected at ŭ = ï8.0 ppm. The 11B NMR spectrum of 1b shows a broad triplet at ŭ = ï

30.5 ppm for the central boron atom and a broad signal at ŭ = ï7.6 ppm for the terminal 

boron atoms. Due to broadness of the signals, a fine splitting could not be resolved. The 

IR spectra of 1a and 1b show absorptions for the BïH valence stretches between 

2452 cmï1 and 2395 cmï1 and in the ESI-MS spectra of 1a,b and 2a,b the molecular ion 

peak is detected.  
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Single crystals of 1a and 1b are obtained by layering a CH2Cl2 solution of the 

compounds with n-hexane. In the solid state 1a reveals a BïPïB chain in which all 

substituents adopt a staggered conformation along the P-B axis. The PïB bond lengths 

of 1a are 1.981(4) and 1.981(3) Å and the BïPïB angle measures 123.04(16)°. 

Compound 1b crystallizes with two independent cations in the asymmetric unit. Again 

along the P-B axis of the BïPïBïPïB chain all substituents are in a staggered 

conformation. All PïB bond lengths are similar, the peripheral P1ïB2 and P2ïB3 bonds 

range from 1.971(4) to 1.975(4) Å whilst the inner P1ïB2 and P2ïB2 bonds are slightly 

shorter with 1.945(4) to 1.962(4) Å. The B1ïP1ïB2 and B2ïP2ïB3 angles range from 

123.39(18) to 124.30(18)° and P1ïB2ïP2 from 119.12(19) to 119.32(19)°. Compared to 

the starting material 1 the PïB bond lengths do not change essentially for the cationic 

compounds 1a and 1b (1.975(2) Å for Ph2PïBH2·NMe3).
[14]

  

 
Figure 2. Molecular structures of the cations in 1a (left) and 1b (right) in the solid state. Hydrogen atoms 

bond to carbon atoms are omitted for clarity. Thermal ellipsoids are drawn with 50% probability. Selected 
bond lengths [Å] and angles [°]: 1a PïB 1.981(4) ï 1.983(4), BïPïB 123.04(16); 1b P1ïB1 1.971(4) ï 

1.972(4), P1ïB2 1.948(4) ï 1.962(4), P2ïB2 1.945(4), P2ïB3 1.971(4) ï 1.975(4),  B1ïP1ïB2 123.94(18) - 
124.30(18), P1ïB2ïP2 119.12(19) ï 119.32(19),  B2ïP2ïB3 123.39(18) ï 123.71(18). 

Like the parent compounds [Me3N·H2Bï[PH2ïBH2]n·NMe3]
+Iī (n = 1, 2) 1a shows a 

high thermodynamic stability. However, in one case we were able to structurally 

characterize [Me3N·H2BïPPh2ïCH2CH2CH2CH2OH]+Iī (1c) which seems to be a 

decomposition product of 1a in which THF is involved. Interestingly, it could not be 

detected in the reaction mixture by NMR spectroscopy or mass spectrometry even after 

storage of 1a for several months in THF solution. However it was unambiguously 

identified in two single-crystal X-ray experiments (1c, 1cthf).[16] DFT calculations show, 

that the isomer of 1c in which the oxygen bonds to phosphorus is thermodynamically 
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more stable by 46.78 kJĀmolī1 then the isomer with the carbon atom bonded to 

phosphorus.  

 

Figure 3. Molecular structures of the cation in 1c in the solid state. Hydrogen atoms bond to carbon atoms 

are omitted for clarity. Thermal ellipsoids are drawn with 50% probability. Selected bond lengths [Å] and 
angles [°]: 1c PïB 1.981(4) ï 1.983(4), BïPïB 123.04(16). 

 
Figure 4. NMR spectra of 2a (

31
P{

1
H},

31
P) and 2b (

31
P{

1
H},

31
P; bottom to top) in CD2Cl2. 

The 31P NMR spectra reveal a doublet at ŭ = ï62.0 ppm for 2a (1JP,H = 326 Hz) and at 

ŭ = ï38.0 ppm for 2b (1JP,H = 332 Hz), respectively. In the 11B NMR spectrum of 2a a 

broad multiplett is be detected at ŭ = ï9.1 ppm. The 11B NMR spectrum of 2b shows a 

broad multiplett at ŭ = ï38.1 ppm for the central boron atom and a broad signal at ŭ = ï

9.8 ppm for the terminal boron atoms. With four different substituents on the two 

phosphorus atoms 2b possesses two chirality centres. Therefore three different isomers 
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(D-, L- and meso-2b, Scheme 2) are possible. 31P and 11B NMR spectra of 2b show only 

one set of signals, since presumably the signals of the isomers are 

overlapping/superimposed. However in the 1H NMR spectrum two set of signals can be 

found, one for meso-2b and one for the D-/L-2b isomers, with a ratio of 4:1. The IR 

spectra of 2a and 2b show absorptions for the BïH valence stretches between  

2444 cmï1 and 2405 cmï1 and for the PïH valence stretches between 2313 cmï1 and 

2287 cmï1.  

 
Scheme 2. D-/L- and meso- forms of 2b.  

 
Figure 5. P-H-Region of the 

1
H NMR spectrum of 2b in CD2Cl2 showing the resonance signals of the P-H-

groups of the meso- and the D-/L-form. 

In the solid state 2a reveals a BïPïB chain in which all substituents are in an 

eclipsed, anticlinal conformation along the PïB axis. The PïB bond lengths of compound 

2a are 1.977(5) and 1.979(4) Å and the BïPïB angle measures 112.4(2)°. For 2b single 

crystal X-ray structure determination could only be performed for meso-2b. However the 

1H NMR spectrum suggests that also the D-/L-compounds are present. Despite many 

attempts it could not be separated or crystallized and seems to be an oily adhesive on 

the crystals. In the solid state 2b shows a five membered BïPïBïPïB chain. Along the 

P1ïB1- and the P2ïB2-axis the substituents adopt an antiperiplanar conformation, whilst 

along the P1ïB2 axis a synclinal and along the P2ïB3- axis an anticlinal arrangement 

can be found. Compound 2b reveals similar PïB bond lengths, the outer P1ïB2 and P2ï
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B3 bonds are 1.975(3) and 1.981(3) Å, respectively, whilst the inner P1ïB2 and P2ïB2 

bonds are slightly shorter with 1.940(3) and 1.946(3) Å, respectively. The B1ïP1ïB2 and 

B2ïP2ïB3 angles range from 113.54(11) to 114.41(11)° and the P1ïB2ïP2 angle is 

116.43(13)°. Compared to the starting material 2 the PïB bond lengths are a little 

shortened (1.985(2) Å for tBuHPïBH2·NMe3).
[14]   

 
Figure 6. Molecular structures of the cations in 2a (left) and 2b (right) in the solid state. Hydrogen atoms 

bond to carbon atoms are omitted for clarity. Thermal ellipsoids are drawn with 50% probability. Selected 
bond lengths [Å] and angles [°]: 2a PïB 1.977(5) ï 1.979(4), BïPïB 112.4(2); 2b P1ïB1 1.981(3), P1ïB2 

1.940(3), P2ïB2 1.946(3), P2ïB3 1.975(3),  B1ïP1ïB2 114.41(11), P1ïB2ïP2 116.43(13), B2ïP2ïB3 
113.54(11). 

DFT calculations show that the meso-isomer of 2b is thermodynamically favoured by 

2.45 kJĀmolī1.  

 
 

Natural population analysis (NPA) shows a charge separation within the cationic chain 

in 1a,b and 2a,b, similar to that observed in I and II (Table1). Generally, the phenyl 

substituted phosphorus atoms are more positive compared to the tBu substituted ones. 

In 1b and 2b the central boron atom bears a considerably higher negative charge than 

the peripheral boron atoms. 
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Table 1. Distribution of NPA charges in I, II, 1a, 1b, 2a, 2b. 

 NA BA PA BB PB BC NB 

I -0.34 -0.22 0.52 -0.22 - - -0.34 

1a -0.35 -0.22 1.04 -0.22 - - -0.35 

2a -0.34 -0.21 0.75 -0.22 - - -0.34 

II -0.34 -0.23 0.58 -0.74 0.58 -0.23 -0.34 

1b -0.35 -0.22 1.09 -0.77 1.09 -0.22 -0.35 

2b -0.34 -0.22 0.83 -0.77 0.83 -0.22 -0.34 

 

If H2AsïBH2·NMe3 is reacted with IBH2·SMe2, [Me3N·H2BïAsH2ïBH2ïAsH2ï

BH2·NMe3]
+Iī (3a) is formed, according to 1H and 11B NMR studies of  the reaction 

mixture. Despite the surprising thermal stability of the phosphorus derivative II the longer 

cationic arsenic derivative [Me3N·H2BïAsH2ïBH2ïAsH2ïBH2·NMe3]
+Iī (3a) initially only 

could be characterised in solution by NMR spectroscopy. Due to its instability compound 

3a readily undergoes reaction with solvents. However, 3a can be obtained in good 

crystalline yields (79%, scheme 2) from layering a CH2Cl2 solution with n-hexane at  

-28°C. Storage of a CH2Cl2 solution at room temperature leads to fast decomposition. 

Attempts to isolate 3a from other solvents (Et2O, THF, MeCN) failed as side reactions 

take place.  

 
Scheme 2. Synthesis of 3a and its decomposition to 3b. Crystalline yields are given in parentheses. 

In the 11B{1H} NMR spectrum of 3a a broad signal can be found at ŭ = ï35.7 ppm for 

the central B atom, and for the NMe3 coordinated boron atom at ŭ = ï8.6 ppm. In the 11B 

NMR spectrum both signals split into triplets with typical 1JB,H coupling constants 

(1JB,H = 114 Hz). The IR spectrum of 3a shows absorptions for the BïH valence stretches 
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between 2448 cmï1 and 2425 cmï1 and for the AsïH valence stretches at 2310 cmï1. 

Whilst the parent compounds of the phosphorus derivatives are stable, 3a is in solution 

very prone towards decomposition. Storing a solution of 3a in acetonitrile leads to the 

heterocycle 3b, which could be fully characterized. DFT calculations reveal that this 

process is exothermic by 109.8 kJĀmolī1. Stirring 3a in CH2Cl2 leads to decomposition 

with the formation of an insoluble red solid, for which the reaction solution shows only the 

resonances for ClBH2·NMe3 in the 11B NMR spectrum. However, dissolving of solid 3a in 

CH2Cl2 followed by immediate filtration and over layering of the solution with n-hexane 

leads to crystalline 3a at -28°C. In the 11B{1H} NMR spectrum of 3b a broad signal is 

found at ŭ = ï10.6 ppm for the B atom of the heterocycle, the resonance signal of the 

arsenic bond boron atom is assigned at ŭ = ï2.3 ppm. In the 11B NMR spectrum both 

signals split into triplets with typical 1JB,H coupling constants (1JB,H = 112 Hz and 

1JB,H =  122 Hz for only arsenic bond boron). The IR spectrum of 3b shows absorptions 

for the BïH valence stretches between 2456 cmï1 and 2428 cmï1. In the ESI-MS spectra 

the molecular ion peak is detected for 3a and 3b.  

 
Figure 7. Molecular structures of the cations in 3a (top) and 3b (bottom) in the solid state. Hydrogen atoms 

bond to carbon atoms are omitted for clarity. Thermal ellipsoids are drawn with 50% probability. Selected 
bond lengths [Å] and angles [°]: 3a AsïB1 2.070(9),  AsïB2 2.048(6), B1ïAsïB2 111.4(3), AsïB2ïAs 

107.0(5); 3b AsïB1 2.1123(19) ï 2.1377(13), AsïC 1.9435(16) ï 1.9521(16). 

In the solid state 3a reveals similar AsïB bond lengths, with 2.070(9) Å for the 

peripheral AsïB1 bond and slightly shorter AsïB2 bonds lengths (2.048(6) Å). The B1ï
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AsïB2 angle measures 111.4(3) and the AsïB1ïAsô angle 107.0(5)°. The As-B bond 

lengths are shorter compared to [Me3N·H2BïAsH2ïBH2·NMe3]
+ (I, 2.076(5) ï 

2.086(4)Å)[11] and similar to the starting material H2AsïBH2·NMe3 (2.071(4)Å).[12] Similar 

to compound II, antiperiplanar arrangement on the outer As-B1-axis and synclinal 

arrangement on the central As-B2-axis leads to an u-shaped structural motif.[11] For 3b a 

boat shaped conformation is observed in the solid state. 

 
Figure 8. Charge distribution according to NPA of II and 3a. 

Like in the case of II, NPA for 3a shows a positive charge which is equally localized 

on the two arsenic atoms (+0.59e). The negative charge is considerably higher on the 

central boron atom (ï0.67e) relative to the peripheral boron atoms (ï0.21e). Compared 

to the phosphorus derivative II the charge distribution in 3a is similar.[11] 

5.3 Conclusion 

The reaction of monomeric phosphanyl- and arsanylboranes with Lewis Base adducts 

of a monoiodoborane has demonstrated to be an easy way for the generation of small 

oligomeric units. The products are obtained in good yields and were fully characterized. 

Those compounds were observed in the electron impact mass spectrometry experiments 

of polymers obtained by thermolysis experiments of 1 and 2, demonstrating their high 

thermodynamic stability. Whilst the parent compounds of the phosphorus derivatives are 

stable decomposition was observed for the diphenyl substituted derivative. Furthermore, 

the so far longest arsenic-boron containing chain could be isolated and was completely 

characterized. The presented reaction is a versatile way for the synthesis of cationic 

oligomers based on phosphorus- and arsenic-donors. 
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5.5 Supporting Information 

General Experimental: 

All manipulations were performed under an atmosphere of dry argon using standard 

glove-box and Schlenk techniques. All solvents are degassed and purified by standard 

procedures. The compounds Ph2PïBH2·NMe3, 
tBuHPïBH2·NMe3,

[1] H2AsïBH2·NMe3,
[2] 

IBH2·NMe3 and IBH2·SMe2
[3] were prepared according to literature procedures. The NMR 

spectra were recorded on an Avance 400 spectrometer (1H: 400.13 MHz, 31P: 

161.976 MHz, 11B: 128.378 MHz, 13C{1H}: 100.623 MHz) with ŭ [ppm] referenced to 

external SiMe4 (1H, 13C), H3PO4 (
31P), BF3·Et2O (11B). IR spectra were recorded on a 

DIGILAB (FTS 800) FT-IR spectrometer. All mass spectra were recorded on a 

ThermoQuest Finnigan TSQ 7000 (ESI-MS). The C, H, N analyses were measured on 

an Elementar Vario EL III apparatus. 

 

Synthesis of [Me3N·BH2ïPPh2ïBH2·NMe3]
+[I]- (1a):  

To a solution of 130 mg (0.5 mmol) Ph2PBH2·NMe3 in 20 mL of Et2O 100 mg (0.5 

mmol) BH2I·NMe3 are added as a solid at -40°C. The mixture is stirred for 50h, and a 

white solid precipitates. All volatiles are removed under reduced pressure. The remaining 

solid is washed 3 times with 5 mL of Et2O. After dissolving in 5 ml of CH2Cl2, the solution 

is filtrated and over layered by 25 mL of n-hexane. 1a crystallizes at room temperature in 

form of colorless needles. The solution is decanted off and the crystals are washed 3 

times with 5 mL of n-hexane. The resulting crystals are dried under reduced pressure. 

Yield of 1a: 96 mg (42 %). 1H NMR (CD2Cl2, 25 °C): ŭ = 2.61 (d, 4JP,H = 1 Hz, 18H, 

NMe3), 2.7 (m, br, 4H, BH2), 7.51 (m, 6H, m-H and p-H, Ph), 7.70 (m, 4H, o-H, Ph). 31P 

NMR (CD2Cl2, 25 °C): ŭ = -37.3 (s, br). 31P{1H} NMR (CD2Cl2, 25 °C): ŭ = -37.3 (s, br). 

11B NMR (CD2Cl2, 25 °C): ŭ = -8.0 (m, br). 11B{1H} NMR (CD2Cl2, 25 °C): ŭ = -8.0 (m, br). 

13C{1H} NMR (CD2Cl2, 25 °C): ŭ = 55.0 (d, 3JC,P = 5 Hz, NMe3), 128.3 (d, 1JC,P = 47 Hz, i-

Ph), 129.7 (d, 4JC,P = 9 Hz, p-Ph), 131.3 (d, 3JC,P = 3 Hz, m-Ph), 133.5 (d, 2JC,P = 7 Hz, o-

Ph). IR (KBr): n~  = 3050, 3020, 2998 (m, CH), 2949 (m, CH), 2433 (s, BH), 2398 (s,BH), 

1483 (vs), 1468 (s), 1438 (s),1410 (m),1313(w), 1243 (m), 1157 (m), 1125 (s), 1072 (vs), 

1017 (m), 970 (m), 863 (s), 749 (s), 703 (s), 513 (m), 430 (w). ESI-MS (CH2Cl2): m/z = 
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785.5 (1%, [Me3NĀBH2ïPPh2ïBH2ĀNMe3]
+

2I
-), 329.2 (100%, [Me3NĀBH2ïPPh2ï

BH2ĀNMe3]
+). Elemental analysis (%) calculated for C18H32B2IN2PĀ(CH2Cl2) (1aĀ(CH2Cl2)): 

C: 42.21, H: 6.34, N: 5.19; found: C: 42.57, H: 6.28, N: 5.01. 

 

Decomposition of [Me3N·BH2ïPPh2ïBH2·NMe3]
+[I]- (1c):  

If [Me3N·BH2ïPPh2ïBH2·NMe3]
+[I]- (1c) is stored in THF slow decomposition to 

[Me3N·BH2ïPPh2ï(CH2)4ïOH]+[I]- (1c)  is observed. Several crystals were examined by 

X-Ray diffraction, however compound 1c could not be observed in NMR spectroscopy or 

mass spectrometry experiments. Yield of 1c: few crystals.  

 

Synthesis of [Me3N·BH2ïPPh2ïBH2ïPPh2ïBH2·NMe3]
+[I]- (1b):  

To a solution of 130 mg (0.5 mmol) Ph2PBH2·NMe3 in 20 mL of Et2O 101 mg (0.25 

mmol) BH2I·SMe2 in toluene are added at 0°C. The mixture is stirred for 1 day, and a 

white solid precipitates. The Et2O solution is decanted off and all volatiles are removed 

under reduced pressure. After dissolving in 5 ml of CH2Cl2, the solution is filtrated and 

over layered by 25 mL of n-hexane. 1b crystallizes at room temperature in form of 

colorless blocks. The solution is decanted off and the crystals are washed 3 times with 5 

mL of n-hexane. The resulting crystals are dried under reduced pressure. Yield of 1b: 

70 mg (42 %). 1H NMR (CD2Cl2, 25 °C): ŭ = 2.33 (NMe3), 2.5 (br, BH2), 7.3 (m-H, Ph), 

7.40 (p-H, Ph), 7.5 (o-H, Ph). 31P NMR (CD2Cl2, 25 °C): ŭ = -30.0 (s, br). 31P{1H} NMR 

(CD2Cl2, 25 °C): ŭ = -30.0 (s, br). 11B NMR (CD2Cl2, 25 °C): ŭ = -30.5 (m, br, PPh2ïBH2ï

PPh2), -7.6 (m, br, Me3N·BH2ïPPh2). 
11B{1H} NMR (CD2Cl2, 25 °C): ŭ = -30.5 (m, br, 

PPh2ïBH2ïPPh2), -7.6 (m, br, Me3N·BH2ïPPh2). 
13C{1H} NMR (CD2Cl2, 25 °C): ŭ = 54.9 

(d, 3JC,P = 5 Hz, NMe3), 129.0 (d, 4JC,P = 9 Hz, p-Ph), 128.3 (d, 1JC,P = 53 Hz, i-Ph),  130.8 

(d, 3JC,P = 2 Hz, m-Ph), 133.9 (d, 2JC,P = 8 Hz, o-Ph). IR (KBr): n~  = 3070 (w), 3050 (w), 

3021 (w), 3003 (w), 2935 (w), 2920 (w), 2844 (w), 2801 (w), 2452 (m, BH), 2395 (s,BH), 

2314 (w), 1978 (vw), 1910 (vw), 1842 (vw), 1481 (vs), 1469 (s), 1434 (s),1411 (w),1312 

(w), 1252 (m), 1158 (m), 1127 (s), 1099 (m), 1080 (vs), 1020 (m), 985 (m), 866 (m), 782 

(m), 761 (m), 741 (m), 699 (vs), 654 (m), 513 (m), 476 (m), 432 (w). ESI-MS (CH2Cl2): 

m/z = 527.3 (100%, [Me3NĀBH2ïPPh2ïBH2ïPPh2ïBH2ĀNMe3]
+), 466.2 (51%, [Me3NĀBH2ï

PPh2ïBH2ïPPh2ïB]+), 409.0 (15%, [BH2ïPPh2ïBH2ïPPh2ïBH2]
+). Elemental analysis 

(%) calculated for C30H44B3IN2P2Ā(CH2Cl2)0.33 (1bĀ(CH2Cl2)0.33): C: 53.37, H: 6.60, N: 4.11; 

found: C: 53.36, H: 6.58, N: 3.86.  

 

Synthesis of [Me3N·BH2ïP
tBuHïBH2·NMe3]

+[I]- (2a):  

A solution of 160 mg (1 mmol) tBuHPBH2·NMe3 in 5 mL of CH2Cl2 is added to 199 mg 

(1 mmol)  BH2I·NMe3 in  5 mL of CH2Cl2 at -80°C. The mixture is stirred for 8h, and a 
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white solid precipitates. The solution is filtrated and over layered by 40 mL of n-hexane. 

2a crystallizes at room temperature in form of colorless needles. The solution is 

decanted of and the crystals are washed 3 times with 5 mL of n-hexane. The resulting 

crystals are dried under reduced pressure. Yield of 2a: 250 mg (69 %). 1H NMR (CD2Cl2, 

25 °C): ŭ = 1.25 (d, 2JP,H = 7 Hz, 9H, tBu), 2.26 (m, br, 4H, BH2), 2.90 (d, 4JP,H = 1 Hz, 

18H, NMe3), 5.32 (d, 1JP,H = 326 Hz, 1H, PH). 31P NMR (CD2Cl2, 25 °C): ŭ = -62.0 (d, br, 

1JP,H = 326 Hz). 31P{1H} NMR (CD2Cl2, 25 °C): ŭ = -62.0 (s, br). 11B NMR (CD2Cl2, 25 °C): 

ŭ = -9.12 (m, br). 11B{1H} NMR (CD2Cl2, 25 °C): ŭ = -9.12 (s, 1JB,P = 65 Hz). 13C{1H} NMR 

(CD2Cl2, 25 °C): ŭ = 27.4 (d, 1JC,P = 34 Hz, C(CH3)3), 28.0 (s, C(CH3)3), 55.1 (d, 

3JC,P = 5 Hz, NMe3). IR (KBr): n~  = 3019 (m), 2998 (m, CH), 2970(m), 2948 (m, CH), 

2807, 2780(w), 2755(w), 2444 (m, BH), 2400 (m,BH), 2287 (s, PH), 2217 (w), 2177 (w), 

1701 (m), 1474 (m), 1410 (m),1363(m), 1249 (m), 1198 (m), 1164 (m), 1134 (m), 1089 

(m), 1023 (m), 976 (m), 853 (m), 829 (m), 710 (w), 636 (w), 482 (w), 426 (w). ESI-MS 

(CH2Cl2): m/z = 233 (100%, [Me3N·BH2ïP
tBuHïBH2·NMe3]

+). Elemental analysis (%) 

calculated for C10H32B2IN2P (2a): C: 33.31, H: 8.95, N: 7.77; found: C: 33.46, H: 8.97, N: 

7.67. 

 

Synthesis of [Me3N·BH2ïP
tBuHïBH2ïP

tBuHïBH2·NMe3]
+[I]- (2b):  

To a solution of 160 mg (1 mmol) tBuHPBH2·NMe3 in 10 mL of Et2O a solution of 202 

mg (0.5 mmol) BH2I·SMe2 in toluene is added at -80°C. The mixture is stirred for 8h, 

after which all volatiles are removed under reduced pressure and the resulting white 

solid is dissolved in 5 mL of CH2Cl2. The solution is filtrated and over layered by 20 mL of 

n-hexane. 2b crystallizes at room temperature in form of colorless needles. The solution 

is decanted of and the crystals are washed 3 times with 5 mL of n-hexane. The resulting 

crystals are dried under reduced pressure. Yield of 2b: 137 mg (59 %). 1H NMR (CD2Cl2, 

25 °C): ŭ = 1.23 (d, 2JP,H = 14 Hz, 18H, tBu), 1.50 ï 2.80 (m, br, 6H, BH2), 2.87 (s, 18H, 

NMe3), 3.86 (dm, 1JP,H = 323 Hz, 0.8 H, PH), 4.02 (dm, 1JP,H = 329 Hz, 0.2 H, PH). 31P 

NMR (CD2Cl2, 25 °C): ŭ = -38.0 (d, br, 1JP,H = 332 Hz). 31P{1H} NMR (CD2Cl2, 25 °C): 

ŭ = -38.0 (s, br). 11B NMR (CD2Cl2, 25 °C): ŭ = -38.1  (m, PtBuHïBH2ïP
tBuH), -9.8 (m, 

Me3N·BH2ïP
tBuH). 11B{1H} NMR (CD2Cl2, 25 °C): ŭ = -38.1  (t, 1JB,P = 72 Hz, m, br, 

PtBuHïBH2ïP
tBuH), -9.8 (d, 1JB,P = 43 Hz, Me3N·BH2ïP

tBuH). 13C{1H} NMR (CD2Cl2, 

25 °C): ŭ = 27.8 (d, 1JC,P = 39 Hz, C(CH3)3), 28.3 (s, C(CH3)3), 54.8 (m, NMe3). IR (KBr): 

n~  = 2970 (s), 2944 (s, CH), 2901 (s), 2865 (s), 2810 (w), 2714 (w), 2417 (s, BH), 2340 

(m,BH), 2313 (m, PH), 2219 (w), 2175 (w), 1474 (m), 1412 (m),1393(m), 1364 (s), 1247 

(s), 1191 (m), 1160 (m), 1133 (s), 1088 (s), 1023 (m), 979 (m), 945 (w), 855 (s), 839 (s), 

820 (m), 752 (w), 718 (w), 691 (w), 652 (w), 606 (w), 569 (w), 477 (w), 427 (w). ESI-MS 

(CH2Cl2): m/z = 335.2 (100%, [Me3N·BH2ïP
tBuHïBH2ïP

tBuHïBH2·NMe3]
+). Elemental 
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analysis (%) calculated for C14H44B3IN2P2 (2b): C: 36.35, H: 9.59, N: 6.06; found: 

C: 36.46, H: 9.51, N: 6.06. 

 

Synthesis of [Me3N·BH2ïAsH2ïBH2ïAsH2ïBH2·NMe3]
+[I]- (3a):   

To a solution of 150 mg (1.0 mmol) H2AsBH2·NMe3 in 20 mL CH2Cl2 100 mg (0.5 

mmol) BH2I·SMe2 in toluene are added drop by drop. After stirring the mixture for 18 h, 

all volatiles are removed under reduced pressure. The remaining solid is dissolved in 10 

mL of CH2Cl2 and filtrated over diatomaceous earth. The solvent is removed under 

reduced pressure and the remaining solid is washed 4 times with 50 ml n-hexane. The 

white solid is dried under reduced pressure. Crystals of 3a are obtained by storing a 

solution of 3a in CH2Cl2, over layered by the 5 fold amount of n-hexane at -28°C. Yield of 

3a: 175 mg (79 %). 1H NMR (CD2Cl2, 25 °C): ŭ = 1.76 (q, 2H, (AsH2)2BH2), 2.43 (q, 4H, 

Me3N·BH2), 2.86 (s, 18H, NMe3), 2.94 (q, 3JH,H = 6.6 Hz, 4H, AsH2). 
11B NMR (CD2Cl2, 

25 °C): ŭ = ï8.60 (t, 1JB,H = 114 Hz, Me3N·BH2), ï35.73 (t, 1JB,H = 114 Hz, (AsH2)2BH2). 

11B{1H} NMR (CD2Cl2, 25 °C): ŭ = ï8.60 (s, Me3N·BH2), ï35.73 (s, (AsH2)2BH2). 
13C{1H} 

NMR (CD2Cl2, 25 °C): ŭ = 54.46 (s). IR (KBr): n~  = 2997 (w), 2948 (w), 2806(vw), 2739 

(vw), 2448 (s, br, BH), 2415 (s, br, BH), 2310 (w, AsH), 2180 (m), 1483 (s), 1470 (s), 

1410 (m), 1245 (m), 1241 (m), 1159 (m), 1125 (s), 1076 (s), 1010 (m), 977 (m), 973 (m), 

970 (m), 867 (s), 817 (w), 739 (m), 700 (m), 639 (w), 562 (w), 465 (w), 419 (w). ESI-MS 

(CH2Cl2): m/z = 311.0 (100 %, [Me3N·BH2ïAsH2ïBH2ïAsH2ïBH2·NMe3]
+). Elemental 

analysis (%) calculated for C6H28As2B3I1N2 (3a): C: 16.47, H: 6.45, N: 6.40; found: 

C: 16.57, H: 6.37, N: 6.30. 

 

Synthesis of [cyclo-{As(BH2·NMe3)(CMe=NH)2(BH2)]
+[I]- (3b):  

To a solution of 105 mg (0.67 mmol) H2AsBH2·NMe3 in 20 mL Et2O, 75 mg (0.375 

mmol) BH2I·SMe2 in toluene are added drop by drop. A yellow-orange precipitate is 

formed. After decanting off the supernatant the remaining solid is dried under reduced 

pressure and is dissolved in 5 mL of MeCN. The yellow supernatant is filtrated of the red 

solid and concentrated to 2 mL. 3b crystallizes -28 °C as colorless blocks. The crystals 

are separated and washed three times with n-hexane. Yield of 3b: 20 mg (14%). 1H NMR 

(CD3CN, 25 °C): ŭ = 2.57 (s, 6H, CH3CN), 2.86 (s, 9H, NMe3), 10.32 (s, br, 2H, NH). 11B 

NMR (CD3CN, 25 °C): ŭ = ï2.28 (t, 1JB,H = 122 Hz, BH2), ï10.62 (t, 1JB,H = 112 Hz, BH2). 

11B{1H} NMR (CD3CN, 25 °C): ŭ = ï2.28 (s, BH2), ï10.62 (s, BH2). 
13C{1H} NMR (CD3CN, 

25 °C): ŭ = 27.7 (C-Me3), 54.3 (N-Me3), 203 (As-C=C). IR (KBr): n~  = 3091 (s), 3055 (s), 

3004(s), 2964 (s), 2899 (w), 2817 (w), 2456 (s, br, BH), 2428 (s, br, BH), 2357 (w), 2302 

(m), 2248 (w), 1623 (s), 1580 (w), 1478 (m), 1465 (m), 1407 (w), 1370 (w), 1263 (w), 

1163 (w), 1117 (m), 1057 (s), 1009 (m), 971 (w), 919 (w), 851(m), 704 (w), 508 (w), 482 
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(w), 410 (w). ESI-MS (CH3CN): m/z = 243.9 (100 %, [Me3N·BH2ï(As(CH3C=NH)2BH2)]
+), 

170.7 (67 %, [As(CH3C=NH)2BH]+). Elemental analysis (%) calculated for C7H21As1B2I1N3 

(3b): C: 22.64, H: 5.70, N: 11.32; found: C: 22.61, H: 5.70, N: 11.15. 

 

X-ray diffraction analysis 

The single crystal X-ray diffraction experiments were performed on either a Gemini R 

Ultra CCD diffractometer (1a, 1b, 1c, 1cthf, 3a, 3b), a SuperNova A CCD diffractometer 

(2a) or a GV1000 diffractometer (2b) from Agilent Technologies (formerly Oxford 

Diffraction) applying Cu-KŬ radiation (ɚ = 1.54178 Å) or Mo-KŬ radiation (ɚ = 0.71073 Å). 

The measurements were performed at 123 K. Crystallographic data together with the 

details of the experiments are given below. Absorption corrections were applied semi-

empirically from equivalent reflections or analytically (SCALE3/ABSPACK algorithm 

implemented in CrysAlis PRO software by Agilent Technologies Ltd).[4] All structures 

were solved using SIR97,[5] SHELXS[6] and OLEX 2.[7] Refinements against F2 in 

anisotropic approximation were done using SHELXL.[6] The hydrogen positions of the 

methyl groups were located geometrically and refined riding on the carbon atoms. 

Hydrogen atoms belonging to BH2 and PH2 groups were located from the difference 

Fourier map and refined without constraints (1a, 2a, 2b, 3b) or with restrained EïH 

distances (1cthf, 1b, 3a). Figures were created with OLEX 2.[7] The CIF files are 

deposited on the provided DVD. 
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Table S1: Crystallographic data for 1a and 1b.  

Compound 1a 1b 

empirical formula C19H34B2Cl2IN2P C31.87H47.73B3Cl3.73IN2P2 

formula weight 540.87 812.33 

temperature [K] 123(1) 123(1) 

crystal system triclinic monoclinic 

space group P-1 P21/c 

a [Å] 9.3937(3) 16.8246(3) 

b [Å] 10.5965(4) 31.1660(3) 

c [Å] 13.3900(3) 16.9956(2) 

Ŭ [°] 84.367(2) 90 

ɓ [°] 74.705(3) 115.3135(18) 

ɔ [°] 83.602(3) 90 

Volume [Å3] 1274.34(7) 8056.0(2) 

Z 2 8 

ɟcalc [g/cm3] 1.410 1.340 

ɛ [mm-1] 12.433 9.444 

F (000) 548.0 3315.0 

crystal size [mm3] 0.3406×0.2804×0.204 0.4249×0.2534×0.0678 

radiation CuKŬ (ɚ = 1.54178) CuKŬ (ɚ = 1.54178) 

absorption correction analytical multi-scan 

Tmin / Tmax 0.071 / 0.231 0.284/ 1.000 

2Ū range [°] 6.862 to 133.424 6.466 to 148.296 

completeness 0.990 0.989 

index ranges 

-11 Ò h Ò 11 

-12 Ò k Ò 12 

-15 Ò l Ò 13 

-20 Ò h Ò 19 

-24 Ò k Ò 38 

-20 Ò l Ò 16 

reflections collected 15976 26811 

independent reflections 
4468 [Rint = 0.0390,  

Rsigma = 0.0281] 

15588 [Rint = 0.0295,   

Rsigma = 0.0430] 

data / restraints / parameters 4468/0/297 15588/33/886 

GOF on F2 1.064 0.977 

R1/wR2 [IÓ2ů(I)] 
R1 = 0.0331,  

wR2 = 0.0863 

R1 = 0.0561,  

wR2 = 0.1516 

R1/wR2 [all data] 
R1 = 0.0339, 

wR2 = 0.0871 

R1 = 0.0649,  

wR2 = 0.1567 

max/min ȹɟ [e·Å-3] 0.64/-1.14 1.83/-1.23 
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Table S2: Crystallographic data for 2a and 2b. 

Compound 2a 2b 

empirical formula C10H32B2IN2P C14H44B3IN2P2 

formula weight 359.86 461.78 

temperature [K] 123(1) 125(3) 

crystal system orthorhombic monoclinic 

space group Pca21 P21/c 

a [Å] 11.77706(14) 15.5144(3) 

b [Å] 13.37507(17) 11.91050(18) 

c [Å] 11.92904(13) 13.6793(2) 

Ŭ [°] 90 90 

ɓ [°] 90 97.9693(19) 

ɔ [°] 90 90 

Volume [Å3] 1879.05(4) 2503.32(8) 

Z 4 4 

ɟcalc [g/cm3] 1.272 1.225 

ɛ [mm-1] 14.035 11.220 

F (000) 736.0 960.0 

crystal size [mm3] 0.2154×0.1908×0.1672 0.2576×0.1118×0.076 

radiation CuKŬ (ɚ = 1.54178) CuKŬ (ɚ = 1.54178) 

absorption correction analytical analytical 

Tmin / Tmax 0.127 / 0.268 0.198 / 0.566 

2Ū range [°] 10.008 to 143.98 5.752 to 147.638 

completeness 0.999 0.996 

index ranges 

-14 Ò h Ò 14                             

-16 Ò k Ò 11                             

-14 Ò l Ò 14 

-13 Ò h Ò 18                             

-14 Ò k Ò 14                             

-16 Ò l Ò 17  

reflections collected 11823 17673 

independent reflections 
3456 [Rint = 0.0411,  

Rsigma = 0.0319] 

4921 [Rint = 0.0435,  

Rsigma = 0.0280] 

data / restraints / parameters 3456/1/174 4921/0/235 

GOF on F2 1.019 1.056 

R1/wR2 [IÓ2ů(I)] 
R1 = 0.0214,  

wR2 = 0.0542 

R1 = 0.0308,  

wR2 = 0.0824 

R1/wR2 [all data] 
R1 = 0.0226,  

wR2 = 0.0553 

R1 = 0.0317,  

wR2 = 0.0836 

max/min ȹɟ [e·Å-3] 0.44/-0.47 0.62/-0.88 

flack parameter -0.022(4) - 
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Table S3: Crystallographic data for 1c and 1cthf. 

Compound 1c 1cthf 

empirical formula C19H30BINOP C23H38BINO2P 

formula weight 457.12 529.22 

temperature [K] 123(1) 123(1) 

crystal system monoclinic triclinic 

space group P21/n P1 

a [Å] 9.12890(10) 8.379(5) 

b [Å] 10.08680(10) 9.515(5) 

c [Å] 23.3859(3) 9.941(5) 

Ŭ [°] 90 67.031(5) 

ɓ [°] 94.2550(10) 67.658(5) 

ɔ [°] 90 64.058(5) 

Volume [Å3] 2147.47(4) 634.9(6) 

Z 4 1 

ɟcalc [g/cm3] 1.414 1.384 

ɛ [mm-1] 12.447 10.632 

F (000) 928.0 272.0 

crystal size [mm3] 0.2676×0.1801×0.1795 0.0993×0.0819×0.0673 

radiation CuKŬ (ɚ = 1.54178) CuKŬ (ɚ = 1.54178) 

absorption correction analytical multi-scan 

Tmin / Tmax 0.163 / 0.296 0.853 / 1.000 

2Ū range [°] 7.582 to 148.352 9.988 to 133.222 

completeness 0.995 0.996 

index ranges 

-10 Ò h Ò 11                             

-12 Ò k Ò 11                             

-25 Ò l Ò 29 

-9 Ò h Ò 9                                        

-11 Ò k Ò 11                             

-10 Ò l Ò 11 

reflections collected 11545 6369 

independent reflections 
4230 [Rint = 0.0344,  

Rsigma = 0.0367] 

3333 [Rint = 0.0259,  

Rsigma = 0.0376] 

data / restraints / parameters 4230/0/238 3333/16/277 

GOF on F2 1.075 1.044 

R1/wR2 [IÓ2ů(I)] 
R1 = 0.0302,  

wR2 = 0.0786 

R1 = 0.0208,  

wR2 = 0.0481 

R1/wR2 [all data] 
R1 = 0.0329,  

wR2 = 0.0816 

R1 = 0.0210,  

wR2 = 0.0482 

max/min ȹɟ [e·Å-3] 0.50/-0.85 0.42/-0.24 

flack parameter - -0.005(4) 
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Table S4: Crystallographic data for 3a and 3b. 

Compound 3a 3b 

empirical formula C6H28As2B3IN2 C16H45As2B4I2N7 

formula weight 437.47 782.47 

temperature [K] 123(1) 123(1) 

crystal system monoclinic triclinic 

space group P2/c P-1 

a [Å] 10.9397(3) 10.0086(2) 

b [Å] 7.29831(14) 13.1830(3) 

c [Å] 11.9091(4) 13.2350(3) 

Ŭ [°] 90 79.410(2) 

ɓ [°] 113.112(4) 70.016(2) 

ɔ [°] 90 79.674(2) 

Volume [Å3] 874.52(5) 1600.31(7) 

Z 2 2 

ɟcalc [g/cm3] 1.661 1.624 

ɛ [mm-1] 18.366 4.034 

F (000) 424.0 764.0 

crystal size [mm3] 0.242×0.1566×0.1331 0.518×0.4334×0.3068 

radiation CuKŬ (ɚ = 1.54178) MoKŬ (ɚ = 0.71073) 

absorption correction multi-scan multi-scan 

Tmin / Tmax 0.090 / 1.000 0.630 / 1.000 

2Ū range [°] 8.788 to 131.962 5.71 to 69.936 

completeness 0.999 0.999 

index ranges 

-12 Ò h Ò 12                               

-8 Ò k Ò 7                                    

-14 Ò l Ò 14 

-15 Ò h Ò 15                             

-21 Ò k Ò 21                             

-21 Ò l Ò 21 

reflections collected 6614 30756 

independent reflections 
1525 [Rint = 0.0468,  

Rsigma = 0.0277] 

12999 [Rint = 0.0232,  

Rsigma = 0.0445] 

data / restraints / parameters 1525/17/83 12999/0/339 

GOF on F2 1.081 0.901 

R1/wR2 [IÓ2ů(I)] 
R1 = 0.0450,  

wR2 = 0.1221 

R1 = 0.0226,  

wR2 = 0.0449 

R1/wR2 [all data] 
R1 = 0.0462,  

wR2 = 0.1240 

R1 = 0.0350,  

wR2 = 0.0457 

max/min ȹɟ [e·Å-3] 1.34/-0.78 1.39/-0.77 
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Computational Details 

All calculations have been performed with the TURBOMOLE program package[8] at 

the RI[9]-B3LYP[10]/def2-TZVP[11] level of theory. The solvent effects were incorporated via 

the Conductor-like Screening Model (COSMO)[12] using the dielectric constant of THF (Ů 

= 7.250). The natural population analysis[13] was performed as implemented in 

TURBOMOLE. For reaction energies the SCF energies were used without corrections. 

The meso isomer [{Me3NBH2PH(tBu)}2BH2]
+ is with 2.45 kJ·molī1 more stable than the d,l 

isomer. Cartesian coordinates for optimized geometries (xyz) are deposited on the 

provided DVD. 
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Abstract: We report on the synthesis and structural characterization of 

unprecedented anionic parent compounds of mixed group 13/15 elements. The 

reactions of the phosphanylborane H2PBH2·NMe3 (1) with sodium salts of PH2
ī, 

tBuPHī and Ph2P
ī, respectively leads to the formation of [Na]+[H2PïBH2ïPH2]

ī 

(2), [Na]+[H2PïBH2ïP
tBuH]ī (3) and [Na]+[H2PïBH2ïPPh2]

ī (4), respectively, 

containing anionic phosphorus-boron chain-like units. Using a different 

stoichiometry and reaction conditions the longer 5-membered species [Na]+[H2Pï

BH2ïPPh2ïBH2ïPH2]
ī (5) can be obtained. The cyclic compound [NHCdipp·H2Bï

PH2ïBH2·NHCdipp]+[P5B5H19]
ī (6) containing a n-butylcyclohexane-like anion was 

also synthesized. All compounds have been characterized by X-ray structure 

analysis, multinuclear NMR spectroscopy, IR spectroscopy, and mass 

spectrometry. DFT calculations elucidate the high thermodynamic stability and 

give insight into the reaction pathway. 



 
103 Anionic Chains of Parent Phosphanylboranes 

6.1 Introduction 

The interest of catenation of non-carbon atoms increased significantly over the last 

years. Current research focuses especially on the catenation of group 15 elements. 

Whereas chains of polyphosphines and polyphosphorus anions have already been 

studied thoroughly in the last decades,[1] the chemistry of catena-phosphorus cations has 

been discovered recently and was investigated for example intensively by the groups 

Burford[2] and Weigand.[3] Recently, amine- and phosphine-borane adducts gained 

increasing interest as hydrogen storage materials as well as precursors for novel 

inorganic polymers.[4] Poly(amino- and poly(phosphinoborane)s are primarily obtained by 

dehydrogenation/dehydrocoupling reactions of the corresponding compounds 

RR'HE·BH3 (E = N, P) mediated by metal catalysts and can be viewed as inorganic 

analogues of organic polymers such as polyolefins.[4] Recently, a breakthrough for a non-

catalytic addition polymerization of Lewis base stabilized phosphanylborane monomers 

was achieved.[5]  In contrast, only a few short chains of neutral oligo(phosphinoborane)s 

have been characterized by X-ray structure analysis,[6] compounds containing longer 

chains were only characterized by spectroscopic methods.[7] In all of the reported 

compounds the PïB core is protected by organic substituents. We are especially 

interested in the synthesis and reactivity of parent group 13/15 compounds containing Eï

H bonds.[8] Recently, we reported the high-yield synthesis of pnictogenylboranes 

H2EBH2·NMe3 (E = P (1), As),[9] which are excellent building blocks for the formation of 

oligomeric[10] and polymeric[5] compounds. Moreover, by using them as starting materials 

we succeeded in the synthesis of the first cationic chains of phosphanyl- and 

arsanylboranes.[11] 

 
 

The cationic species [Me3N·H2Bï[PH2ïBH2]n·NMe3]
+ (I: n = 1; II: n = 2) are 

thermodynamically sufficiently stable to be isolated, whereas compounds containing an 

anionic PïBïP core are unknown so far. In contrast to other cationic[12] and neutral[13] 

compounds containing a PïBïP backbone,[11] the parent anionic species are almost 

exclusively restricted to branched examples, like compound of type III[14] and IV[15] 

demonstrate. Shorter anionic compounds with BH3 end groups (type V[16] and VI)[17] e.g. 
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are obtained by deprotonation of the corresponding phosphine-borane adduct. The only 

linear anionic chains (type VII) contain electron withdrawing CF3 groups to distribute the 

charge appropriate. However, they were only obtained as mixtures and were solely 

studied by NMR spectroscopy.[18] Therefore, the quest for alternative approaches to 

linear chains of parent phosphanylboranes was still open. Herein we present a general 

synthetic approach and the structural characterization of the first mainly H-substituted, 

parent anionic phosphanylborane chains.  

 

 

6.2 Results and Discussion 

Sonication of a solution of phosphanylborane H2PBH2·NMe3 (1) with one equivalent of 

NaPH2 in THF leads to the substitution of NMe3 by PH2
ī and the formation of [Na]+[H2Pï

BH2ïPH2]
ī (Scheme 1). According to 31P NMR spectroscopy, the reaction proceeds 

efficiently, without the formation of side products. After addition of 18-crown-6 the 

compound 2(thf)2 can be isolated as a crystalline solid in 56% yield. In the 31P NMR 

spectrum of 2(thf)2 a very broad triplet at ŭ = ï175.0 ppm with a 1JPH coupling of 172 Hz 

is observed, without further resolved coupling. The 11B NMR spectrum of 2(thf)2 shows a 

triplet of triplets at ŭ = ï34.7 ppm (1JBP = 26 Hz, 1JBH = 99 Hz). The X-ray structure of 

2(thf)2 shows the [H2PïBH2ïPH2]
ī anion in an all-antiperiplanar conformation (Figure 1), 

without any contacts to the cation. The PïB bond lengths of 1.961(3) and 1.964(3) Å are 
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slightly shortened compared to the starting material H2PBH2·NMe3 (1.976(2) Å)[8b] but to 

a lower extent than in the cationic species [Me3N·H2BïPH2ïBH2·NMe3]
+ (1.957(3) Å).[11]  

 
Scheme 1. Reaction of 1 with phosphorus centered nucleophiles. Isolated yields are given in parentheses. 

 
Figure 1. Molecular structure of 2(thf)2 in the solid state. Thermal ellipsoids are drawn with 50% probability. 

The counterion [Na(18-crown-6)thf2)] is omitted for clarity. Selected bond lengths [Å] and angles [°]: PïB 
1.961(3) and 1.964(3), PïBïP 110.4(2). 

Since the phosphanides containing organic substituents attached to phosphorus are 

expected to be stronger nucleophiles than PH2
ī, they also should be able to substitute 

NMe3 in 1. Indeed, the reaction of H2PBH2·NMe3 with NaPtBuH or NaPPh2 selectively 

leads to the organic substituted anionic chain compounds [Na]+[H2PïBH2ïP
tBuH]ī and 

[Na]+[H2PïBH2ïPPh2]
ī, respectively (Scheme 1).[19] Again, according to 31P NMR 

spectroscopy, the reactions proceed without any side products in good isolated yields.[20] 

After addition of 18-crown-6 to the reaction mixture 3(thf)2 or 4(thf)2 can be isolated as 

crystalline solids. In the 31P NMR spectrum a triplet for the PH2 group of 3(thf)2 can be 
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found at ŭ = ï219.4 ppm (1JPH = 173 Hz) and at ŭ = ï203.3 ppm (1JPH = 173 Hz) for 

4(thf)2, respectively. The PtBuH group of 3(thf)2 arises as a doublet at ŭ = ï32.9 ppm 

(1JPH = 178 Hz) and the PPh2 group of 4(thf)2 is detected as a broad singlet at ŭ = ï15.2 

ppm. The 11B NMR spectra of 3(thf)2 reveals a triplet of triplets at ŭ = ï33.8 ppm 

(1JBP = 97 Hz, 1JBH = 98 Hz) and for 4(thf)2 at ŭ = ï29.2 ppm (1JBH = 98 Hz). The 

compounds 3(thf)2 and 4(thf)2 reveal in the solid state P1ïB bond lengths of 1.973(3) Å 

(3(thf)2) and 1.973(4) Å (4(thf)2), respectively, which remain essentially unchanged 

compared to the starting material H2PBH2·NMe3 (1.976(2) Å)[8b] (Figure 2). The P2ïB 

bond lengths are found to be 1.951(4) Å for (3(thf)2) and 1.965(2) Å for (4(thf)2) (figure 

2).[21] Both P2ïB bond lengths are slightly shorter compared to the PïB bond lengths of 

the neutral species HtBuPBH2·NMe3 (1.985(2) Å) and Ph2PBH2·NMe3(1.975(2) Å).[5] 

 
Figure 2. Molecular structures of the anions in 3(thf)2 (top) and 4(thf)2 (bottom) in the solid state. Thermal 

ellipsoids are drawn with 50% probability. Hydrogen atoms bond to carbon atoms are omitted for clarity. 
Selected bond lengths [Å] and angles [°]: 3(thf)2 P1ïB 1.973(3); 1.976(2), P2ïB 1.951(4); 1.953(4), P1ïBïP2 

107.8(2) ï 112.4(1);
[22]

 4(thf)2 P1ïB 1.973(4), P2ïB 1.965(2), P1ïBïP2 111.3(1). 

The natural population analysis (NPA) reveal that the main part of the negative charge 

in the chain [H2PïBH2ïPH2]
ī is localized on the B atom (ī0.70e) whereas the P atoms 

are almost neutral (ī0.06e). The introduction of organic substituents on one phosphorus 

atom in [H2PïBH2ïPH2]
ī does not change the charge distribution on the boron atom 

(ī0.72e for 3(thf)2 and ī0.71e for 4(thf)2) but induces a gain of positive charge on the 

phosphorus atoms (+0.22e for 3(thf)2 and +0.58e for 4(thf)2) to which the organic groups 

are attached, while the other phosphorus atom stay almost neutral (ī0.04e for 3(thf)2 and 

ī0.01e for 4(thf)2). The remaining negative charge is dissipated on the organic groups. 

According to the NPA charge distribution the anions in 2-4 can be best described as 
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boranate anions. In these anions the highest molecular orbital (HOMO) represent a 

combination of the lone pairs of phosphorus atoms. At the organic substituted derivatives 

[H2PïBH2ïPRRô]
ī the lone pair of the phosphorus atom bearing the organic 

substituent(s) represent the HOMO.  

The availability of the lone pair of electrons of the phosphorus atoms in the anions 2, 

3 and 4 for further reactions prompted us to investigate their reactivity towards 

H2PBH2·NMe3 (1). While for compound 2 no reaction was observed, the reaction of 1 

with 4 leads to the formation of 5(thf)2, containing the 5-membered anionic chain [H2Pï

BH2ïPPh2ïBH2ïPH2]
ī (Scheme 1). The same reaction product is obtained if 

H2PBH2·NMe3 is reacted with 0.5 equivalents of NaPPh2. NMR spectra of the reaction 

mixture show that the reaction proceeds very selectively; only traces of 4 and an excess 

1 are found. After addition of 18-crown-6 5(thf)2 can be isolated in good crystalline yields 

(48%). Surprisingly the reaction of 3 with 1 or NaPtBuH with 2 equivalents of 1 leads to a 

mixture of different products. Despite many attempts the separation of the reaction 

products and their undoubtful identification was not successful. In the 31P NMR spectrum 

of isolated 5(thf)2 a broad triplet at ŭ = ï219.4 ppm with 1JPH = 180 Hz for the PH2 group 

is observed, the PPh2 group is detected as a broad singlet at ŭ = ï0.2 ppm. The 11B 

NMR spectrum of 5(thf)2 reveals a broad multiplet at ŭ = ï34.4. 

 
Figure 3. Molecular structure of the anion in 5(thf)2 in the solid state. Thermal ellipsoids are drawn with 50% 

probability. Hydrogen atoms bond to carbon are omitted for clarity. Selected bond lengths [Å] and angles [°]: 
P1ïB 1.965(2), P1ïB 1.940(2), P1ïBïP2 113.1(1), BïP2ïB 121.1(1). 

NPA charge distribution of the anion of 5(thf)2 shows a positive charge accumulation 

on the P2 atom (+1.14e) whereas the negative charge remains on the boron atoms 

(ī0.73e). In order to gain a deeper insight in the energetics of the substitution reactions 

of H2PBH2·NMe3 (1) with phosphorus centered nucleophiles DFT calculations have been 

performed.[23] Accordingly, the reaction of 1 with PH2
ī leading to [H2PïBH2ïPH2]

ī is 
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exothermic by ī39.4 kJĿmolī1. Similarly, an exothermic reaction is predicted by the 

reaction of tBuHPī and Ph2P
ī with 1 by ī63.4 kJĿmolī1 and ī35.5 kJĿmolī1, respectively. 

The reaction of [H2PïBH2ïPPh2]
ī with 1 leading to [H2PïBH2ïPPh2ïBH2ïPH2]

ī is only 

slightly exothermic by ī19.1 kJĿmolī1. Although the reaction of 2 with 1 is predicted to be 

exothermic by ī18.6 kJĿmolī1, experimentally no reaction was observed, likely due to 

kinetic effects (see Figure 4).  

 

Figure 4. Energy profile of the reaction of H2PBH2·NMe3 (1) with P centered nucleophiles. Relative energies 
calculated at the B3LYP/def2-TZVP level. 

Since N-heterocyclic carbenes (NHCs) are known to be nucleophiles, the reaction of 

H2PBH2·NMe3 (1) with NHCdipp was also investigated. At room temperature no reaction 

was observed. Refluxing in toluene affords the ionic group 13/15 compound 6 (Scheme 

2) as the only isolated product in minor yields. The formation of 6 is rather unexpected. 

Probably, during the reaction NMe3 is eliminated leading to the transient H2PBH2 which 

aggregates and in the presence of NHCdipp rearranges to 6. The formation of the cationic 

part in 6 may also be the result of the presence of ClBH2·NMe3 in the starting material,[24] 

or fragmentation of 1.  

 DFT computations indicate that gas phase reactions leading to the contact ion pair 

6 are exothermic by -215 and -200 kJ mol-1 for the reactions 1 and 2, respectively:  

 

6x1 + 3 NHCdipp + ClBH2·NMe3 =  [NHCdippH]+Cl- + 7 NMe3 + 

[NHCdipp·BH2PH2BH2·NHCdipp]+ ···[P 5B5H19]
ī (1) 

7x1 + 2 NHCdipp  =  7 NMe3 + PH3 + [NHCdipp·BH2PH2BH2·NHCdipp]+ ···[P 5B5H19]
ī (2) 
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In the 11B{1H} and 31P{1H} NMR spectra of 6 many broad and overlapping signals are 

observed. An accurate assignment of the signals is not possible due to the broadness of 

the signals and the very complex spin system leading to sophisticated coupling pattern. 

In the ESI mass spectrum the molecular ion peak for both the anion [P5B5H19]
ī (negative 

mode) and the cation [NHCdipp·BH2ïPH2ïBH2·NHCdipp]+ (positive mode) was observed. 

 
Scheme 2. Synthesis of 6. Yield in parentheses. 

The solid state structure of 6 shows a cation featuring a BïPïB unit which is stabilized 

by two NHC ligands. The anion is a n-butylcyclohexane-like unit built up from alternating 

BH2 and PH2 units. The cationic part of 6 shows PïB bond lengths of 1.929(2) and 

1.947(2) Å. Similar B-P bond lengths have been found in the anion of 6 (exocyclic part: 

1.927(3) - 1.964(3) Å and within the ring 1.930(3) -1.952(2) Å). A comparable structural 

motif was recently reported by Baker et al. for the cyclic aminoborane tetramer, B-

(cyclotriborazanyl)-amine-borane.[25] 

 
Figure 5. Molecular structure of 6 in the solid state. Thermal ellipsoids are drawn with 50% probability. The 

hydrogen atoms at the carbon atoms and the dipp groups at the carbenes are omitted for clarity. Selected 
bond lengths [Å] and angles [°]: PïB 1.929(2) - 1.964(3), BïPïB 104.0(1) - 119.0(1), PïBïP 106.0(2) - 

114.6(1). 
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6.3 Conclusion 

The results show that the parent phosphanylborane H2PBH2·NMe3 is a valuable 

precursor for the generation of mixed anionic group 13/15 chains. For the first time a 

rational synthetic approach together with the structural characterization of the 

unprecedented linear, anionic compounds was possible. These unique 13/15 

compounds represent the anionic counterparts of the recently reported cationic 

species.[11] The compounds 2 - 6 are stable under inert conditions and represent 

promising starting materials for the preparation of extended group 13/15 chains, cycles 

and polymers. 
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6.5 Supporting Information 

General Experimental: 

All manipulations were performed under an atmosphere of dry argon using standard 

glove-box and Schlenk techniques. All solvents are degassed and purified by standard 

procedures. The compounds H2PBH2·NMe3,
[1] ClBH2·NMe3,

[2] NaPH2,
[3] NHCdipp[4] and 

tBuPH2
[5] were prepared according to literature procedures. Other chemicals were 

obtained from STREM Chemicals, INC. (PPh2H). The NMR spectra were recorded on 

either an Avance 400 spectrometer (1H: 400.13 MHz, 31P: 161.976 MHz, 11B: 

128.378 MHz, 13C{1H}: 100.623 MHz) with ŭ [ppm] referenced to external SiMe4 (
1H, 13C), 

H3PO4 (
31P), BF3·Et2O (11B). IR spectra were recorded on a DIGILAB (FTS 800) FT-IR 

spectrometer. All mass spectra were recorded on a ThermoQuest Finnigan TSQ 7000 

(ESI-MS) or a Finnigan MAT 95 (FD-MS and EI-MS). The C, H, N analyses were 

measured on an Elementar Vario EL III apparatus. 

General remarks for C, H, N analyses: 

C, H, N analyses were carried out repeatedly. Different amounts of coordinating THF 

have been found in nearly all cases. Total removal of the THF was not always possible, 

however C, H, N analyses are in good agreement with the expected values considering a 

varying THF-content (0.2 % tolerance). 

 

Synthesis of [Na(C12H24O6)(thf)2]
+[HP2ïBH2ïPH2]

- (2(thf)2):  

A solution of 53 mg (0.50 mmol) H2PBH2·NMe3 in 1 mL toluene is added to a 

suspension of 30 mg (0.53 mmol) NaPH2 in 20 ml THF. After sonication of the mixture for 

2.5 h, the solution is filtrated onto 132 mg (0.5 mmol) solid C12H24O6 (18-crown-6). The 

solution is layered with 60 mL of n-hexane. 2(thf)2 crystallises at 4 °C as colourless 

blocks. The crystals are separated and washed with cold n-hexane (0°C, 3×5 mL). Yield 

of 2: 103 mg (56 %). 1H NMR (THF-d8, 25 °C): ŭ = 0.93 (d, 1JH,P = 172 Hz, 4H, PH2), 1.09 
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(qt, 1JH,B = 99 Hz, 2H, BH2), 3.64 (s, 24H, C12H24O6). 
31P NMR (THF-d8, 25 °C): ŭ = ï

175.0 (tm, 1JH,P = 172 Hz,  br, PH2). 
31P{1H} NMR (THF-d8, 25 °C): ŭ = ï175.0 (q,  1JB,P = 

26 Hz, PH2). 
11B NMR (THF-d8, 25 °C): ŭ = ï34.7 (tt, 1JB,P = 26 Hz, 1JB,H = 99 Hz, BH2). 

11B{1H} NMR (THF-d8, 25 °C): ŭ = ï34.7 (t, 1JB,P = 26 Hz, BH2). 
13C{1H} NMR (THF-d8, 

25 °C): ŭ = 70.6 (s, C12H24O6). IR (KBr): n~  = 2900 (vs, CH), 2870 (s, CH), 2825 (m), 2796 

(m), 2747 (w), 2747 (w), 2712 (w), 2690 (w), 2326 (s, br, BH), 2311 (s, br, BH), 2270 (s, 

PH), 2253 (s, PH), 2141 (w), 1979 (w), 1931 (w), 1887 (w), 1839 (vw), 1471 (m), 1455 

(m), 1435 (w), 1410 (vw), 1352 (s), 1283 (m), 1250 (m), 1237 (m), 1109 (vs, CO), 1075 

(m), 1058 (w), 966 (vs), 841 (m), 765 (w), 711 (w), 652 (w), 531 (w). ESI-MS (THF): 

anion: m/z = 79 (100 %, [HP2ïBH2ïPH2]
-). ESI-MS (THF) cation: m/z = 653 (8% 

[Na(C12H24O6)]
+

2[HP2ïBH2ïPH2]
-);  287 (100 %, [Na(C12H24O6)]

+). Elemental analysis (%) 

calculated for C12H30B1NaO6P2 (2): C: 39.32, H: 8.26; found: C: 39.30, H: 8.40. 

 

Synthesis of [NaPtBuH]:  

1.2 mL (900 mg, 10 mmol) tBuPH2 is added to a suspension of 390 mg (10 mmol) 

NaNH2 in 10 mL THF at -50°C. The solution is stirred for 5 h at room temperature, until 

all NaNH2 is consumed. A clear yellow solution is obtained which is degassed 3 times to 

remove NH3. The solution is used as a 1 M stock solution of NaPtBuH in THF. Yield of 

[NaPtBuH]: (100 %, according to 31P NMR). 31P NMR (C6D6, 25 °C): ŭ = ï81.4 (dm, 

1JH,P = 157 Hz,  PtBuH). 31P{1H} NMR (C6D6, 25 °C): ŭ = ï81.4 (s,  PtBuH).  

 

Synthesis of [Na(C12H24O6)(thf)2]
+[HtBuPïBH2ïPH2]

- (3(thf)2):  

A solution of 106 mg (1 mmol) H2PBH2·NMe3 in 1 mL toluene is added to a solution of 

112 mg (1 mmol) NaPtBuH in 20 ml THF. After sonication of the mixture for 2.5 h, the 

solution is filtrated onto 264 mg (1 mmol) solid C12H24O6 (18-crown-6). The solution is 

layered with 60 mL of n-hexane. 3(thf)2 crystallises at 4 °C as colourless blocks. The 

crystals are separated and washed with cold n-hexane (0°C, 3×5 mL). Yield of 

[Na(C12H24O6)(thf)0.15]
+[HtBuPïBH2ïPH2]

-: 374 mg (75 %). 1H NMR (THF-d8, 25 °C): 

ŭ = 0.72 (ddm, 1JH,P = 173 Hz, 3JH,P = 60 Hz, 2H, PH2), 1.07 (d, 3JH,P = 9 Hz, tBu),  1.22 

(m, 2H, BH2), 1.76 (dm, 1JH,P = 177 Hz, 1H, PHtBu), 3.64 (s, 24H, C12H24O6). 
31P NMR 

(THF-d8, 25 °C): ŭ = ï188.0 (t, br, 1JH,P = 173 Hz,  PH2), ï32.9 (d, br, 1JH,P = 178 Hz, 

PtBuH). 31P{1H} NMR (THF-d8, 25 °C): ŭ = ï188.8 (m, PH2), ï32.9 (m, PtBuH). 11B NMR 

(THF-d8, 25 °C): ŭ = ï33.8 (tt, 1JB,P = 97 Hz, 1JB,H = 99 Hz, BH2). 
11B{1H} NMR (THF-d8, 

25 °C): ŭ = ï33.8 (t, 1JB,P = 27 Hz, BH2). 
13C{1H} NMR (THF-d8, 25 °C): ŭ = 27.3 (dd, 1JC,P 

=15 Hz, 3JC,P = 5 Hz, C(CH3)3), 33.8 (d, 2JC,P = 10 Hz, CH3), 70.6 (s, C12H24O6). IR (KBr): 

n~  = 2902 (vs, CH), 2316 (s, br, BH), 2240 (s, PH), 1975 (w), 1627 (br, w), 1471 (m), 

1464 (m), 1353 (s), 1285 (m), 1251 (s), 1109 (vs, CO), 962 (s), 837 (m), 711 (w), 530 
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(w).  ESI-MS (THF): anion: m/z = 227 (15%, [HtBuPïBH2ïPH2ïBH2ïPH2ïBH2ïPH2]
-), 

181 (100 %, [HtBuPïBH2ïPH2ïBH2ïPH2]
-), 135 (48 %, [HtBuPïBH2ïPH2]

-). Elemental 

analysis (%) calculated for C16H38B1NaO6P2(thf)0.15 (3thf0.15): C: 46.00, H: 9.12; found: 

C: 46.06, H: 9.02. 

 

Synthesis of [NaPPh2]:  

1.74 mL (1.860 g, 10 mmol) Ph2PH is added to a suspension of 390 mg (10 mmol) 

NaNH2 in 10 mL THF at -50°C. The solution is stirred for 5 h at room temperature, until 

all NaNH2 is consumed. A clear red solution is obtained which is degassed 3 times to 

remove NH3. The solution is used as a 1 M stock solution of NaPPh2 in THF. Yield of 

[NaPPh2]: (100 %, according to 31P NMR). 31P NMR (C6D6, 25 °C): ŭ = ï27.2 (s, PPh2). 

31P{1H} NMR (C6D6, 25 °C): ŭ = ï27.2 (s, PPh2). 

 

Synthesis of [Na(C12H24O6)(thf)2]
+[Ph2PïBH2ïPH2]

- (4(thf)2):  

A solution of 106 mg (1.00 mmol) H2PBH2·NMe3 in 1 mL toluene is added to a 

solution of 208 mg (1.00 mmol) NaPPh2 in 20 ml THF. After sonication of the mixture for 

2.5 h, the solution is filtrated onto 264 mg (1.00 mmol) solid C12H24O6 (18-crown-6). After 

removal of all volatiles under reduced pressure 4 is dissolved in 5 mL of THF and 

filtrated again. The solvent is removed and 20 mL of n-hexane are added to the white 

solid. Then THF is added drop wise until a clear colourless solution is obtained. 4(thf)2 

crystallises at -28 °C as colourless blocks. The crystals are separated and washed with 

cold n-hexane (0°C, 3×5 mL). At room temperature 4(thf)2 is a colourless waxy solid/oil. 

Yield of [Na(C12H24O6)(thf)1.1]
+[Ph2PïBH2ïPH2]

-: 310 mg (58 %). 1H NMR (THF-d8, 

25 °C): ŭ = 0.71 (d, 1JH,P = 173 Hz, 2H, PH2), 1.50 (q, 1JH,B = 100 Hz, 2H, BH2). 3.56 (s, 

24H, C12H24O6), 6.86 (m, 2H,  p-Ph),  6.97 (m, 4H,  m-Ph), 7.44 (m, 4H, o-Ph). 31P NMR 

(THF-d8, 25 °C): ŭ = ï203.3 (t, 1JH,P = 173 Hz,  br, PH2), ï15.2 (s, PPh). 31P{1H} NMR 

(THF-d8, 25 °C): ŭ = ï203.3 (PH2), ï15.2 (s, PPh). 11B NMR (THF-d8, 25 °C): ŭ = ï29.17 

(tt, 1JB,H = 98 Hz, BH2). 
11B{1H} NMR (THF-d8, 25 °C): ŭ = ï29.17 (t, BH2). 

13C{1H} NMR 

(THF-d8, 25 °C): ŭ = 70.6 (s, C12H24O6), 124.1 (s, p-Ph), 126.8 (d, m-Ph, 2JP,C = 5 Hz), 

134.7 (d, o-Ph, 2JP,C = 14 Hz), 150.8 (dd, i-Ph, 1JP,C = 26 Hz, 3JP,C = 4 Hz). IR (film, NaCl): 

): n~  = 2910 (vs, CH), 2876 (vs, CH), 2320 (s, br, BH), 2267 (s, PH), 1959 (w), 1894 (w), 

1821 (vw), 1620 (w), 1579 (m), 1474 (s), 1455 (m), 1431 (m), 1353 (s), 1297 (m), 1250 

(m), 1107 (vs, CO), 1027 (m), 957 (s), 835 (m), 741 (m), 700 (s), 591 (m), 542 (w), 507 

(w), 417 (w).  ESI-MS (THF): anion: m/z = 277 (12 %, [H2PïBH2ïPh2PïBH2ïPH2]
-), 231 

(100%, [Ph2PïBH2ïPH2]
-), 185 (34%, Ph2P

-). Elemental analysis (%) calculated for 

C25H38BNaO6P2(thf)1.1 (4(thf)1.1): C: 57.04, H: 7.89; found: C: 57.11, H: 7.79. 
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Synthesis of [Na(C12H24O6)(thf)2]
+[H2PïBH2ïPh2PïBH2ïPH2]

- (5(thf)2):  

A solution of 53 mg (0.50 mmol) H2PBH2·NMe3 in 1 mL toluene is added to a solution 

of 52 mg (0.25 mmol) NaPPh2 in 20 ml THF. After sonication of the mixture for 5 h, the 

solution is filtrated onto 66 mg (0.25 mmol) solid C12H24O6 (18-crown-6). After removal of 

all volatiles under reduced pressure the remaining solid is dissolved in 5 mL of THF and 

filtrated again. The solvent is removed and 20 mL of n-hexane are added to the white 

solid. THF is added drop wise until a clear colourless solution is obtained. 5(thf)2 

crystallises at -28 °C as colourless plates. The crystals are separated and washed with 

cold n-hexane (0°C, 3×5 mL). Yield of 5: 70 mg (48 %). 1H NMR (THF-d8, 25 °C): 

ŭ = 0.74 (dm, 1JH,P = 181 Hz, 4H, PH2), 1.51 (q, 1JH,B = 105 Hz, 4H, BH2), 3.60 (s, 24H, 

C12H24O6), 7.08 -7.19 (m, 6H, m- & p-Ph) 7.69 (m, 4H, o-Ph). 31P NMR (THF-d8, 25 °C): 

ŭ = ï219.4 (tm, 1JH,P = 181 Hz, 2P, PH2), 0.1 (s, br, 1P, PPh2). 
31P{1H} NMR (THF-d8, 

25 °C): ŭ = ï219.4 (m, 2P,  PH2), 0.1 (s, br, 1P, PPh2). 
11B NMR (THF-d8, 25 °C): ŭ = ï

34.4 (m, BH2). 
11B{1H} NMR (THF-d8, 25 °C): ŭ = ï34.4 (m, BH2). 

13C{1H} NMR (THF-d8, 

25 °C): ŭ = 70.6 (s, C12H24O6), 127.3 (d, m-Ph, 2JP,C = 8 Hz), 127.7 (d, p-Ph, 2JP,C = 2 Hz), 

134.59 (d, o-Ph, 2JP,C = 6 Hz), 139.81 (d, i-Ph, 2JP,C = 36 Hz). IR (KBr): n~  = 2902 (vs, CH), 

2826 (s, CH), 2747 (w), 2375 (s, br, BH), 2356 (s, br, BH), 2332 (s, PH), 2279 (s, PH), 

1622 (vw), 1479 (w), 1477 (w) 1453 (m), 1434 (w), 1352 (s), 1284 (w), 1251 (m), 1113 

(vs, CO), 1028 (w), 965 (s), 837 (m), 791 (w), 775 (vw), 742 (m), 723 (w), 702 (m), 615 

(vw), 531 (w), 496 (w), 466 (w), 435 (vw). ESI-MS (THF): anion: m/z = 323 (100 %, 

[Ph2P(BH2ïPH2)n]
- (n = 3)), 277 (100 %, [Ph2P(BH2ïPH2)n]

- (n = 2)), 230 (75%, 

[Ph2P(BH2ïPH2)n]
- (n = 1)). Elemental analysis (%) calculated for C24H42B2NaO6P3 (5): 

C: 51.04, H: 7.50; found: C: 51.14, H: 7.56. 

 

Synthesis of [K(C12H24O6)]
+[Ph2PïBH2ïPH2]

- (4b):  

A solution of 50 mg (0.45 mmol) H2PBH2·NMe3 in 1 mL toluene is added to a solution 

of 106 mg (0.5 mmol) KPPh2 in 20 ml THF. After sonication of the mixture for 2.5 h, the 

solution is filtrated onto 132 mg (0.50 mmol) C12H24O6 (18-crown-6). The solution is 

layered with 60 mL of n-hexane. 4b crystallises at -30 °C as colourless blocks. The 

crystals are separated and washed with cold n-hexane (-30°C, 3×5 mL). Yield of 

[K(C12H24O6)]
+[Ph2PïBH2ïPH2]

-: 130 mg (54 %). 1H NMR (THF-d8, 25 °C): ŭ = 0.71 (d, 

1JH,P = 173 Hz, 2H, PH2), 1.50 (q, 1JH,B = 100 Hz, 2H, BH2). 3.56 (s, 24H, C12H24O6), 6.86 

(m, 2H,  p-Ph),  6.97 (m, 4H,  p-Ph), 7.44 (m, 4H, o-Ph). 31P NMR (THF-d8, 25 °C): ŭ = ï

204.8 (t, 1JH,P = 173 Hz,  br, PH2), ï15.66 (s, PPh). 31P{1H} NMR (THF-d8, 25 °C): ŭ = ï

204.8 (PH2), ï15.66 (s, PPh). 11B NMR (THF-d8, 25 °C): ŭ = ï31.04 (tt, 1JB,H = 98 Hz, 

BH2). 
11B{1H} NMR (THF-d8, 25 °C): ŭ = ï31.04 (t, BH2). 

13C{1H} NMR (THF-d8, 

25 °C): ŭ = 71.0 (s, C12H24O6), 124.1 (s, p-Ph), 126.8 (d, m-Ph, 2JP,C = 5 Hz), 134.7 (d, o-
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Ph, 2JP,C = 14 Hz), 150.7 (dd, i-Ph, 1JP,C = 26 Hz, 3JP,C = 4 Hz). IR (KBr): n~  = 3062 (w, 

CH), 3004 (vs, CH), 2896 (vs, CH), 2823 (s, CH),  2794 (w, CH), 2743 (w, CH), 2718 (w, 

CH), 2681 (w, CH),  2337 (s, br, BH), 2297 (s, br, BH), 2272 (s, PH), 2234 (s, PH), 1974 

(w), 1604 (w), 1579 (m), 1472 (s), 1453 (m), 1431 (m), 1351 (s), 1284 (m), 1248 (m), 

1108 (vs, CO), 1028 (w), 963 (s), 838 (m), 758 (m), 739 (m), 701 (m), 559 (w), 529 (w), 

493 (w), 475 (w), 432 (w). ESI-MS (THF): anion: m/z = 323 (5 %, [H2PïBH2ïPh2PïBH2ï

PH2ïBH2ïPH2]
-), 277 (100 %, [H2PïBH2ïPh2PïBH2ïPH2]

-), 247 (20%, [H2PïBH2ï

Ph2PO]-),  231 (20%, [H2PïBH2ïPh2P]-). Elemental analysis (%) calculated for 

C25H38BKO6P2(O)0.8 (4b): C: 52.65, H: 7.00; found: C: 52.59, H: 7.11. 

 

Synthesis of [NHCdipp·BH2ïPH2ïBH2·NHCdipp]+[B5P5H19]
-(6):  

To a solution of 400 mg NHCdipp (1.03 mmol) in 20 ml toluene, a solution of 105 mg (1 

mmol) H2PBH2·NMe3 in 10 mL toluene is added drop wise at room temperature. After the 

mixture was stirred for 30 min, it is refluxed for further 3 h. After cooling to room 

temperature the solution is layered with n-pentane. Colourless needles of 6 can be 

obtained by storing the solution for 4 months. Yield of 6: 30 mg (17%); 31P NMR (CD3CN, 

25 °C): ŭ = ï125.0 (t, br, cation). 31P{1H} NMR (CD3CN, 25 °C): ŭ = ï125.0 (s, br, cation). 

In the 11B{1H} and 31P{1H} NMR spectra many broad and overlapping signals are 

observed. An accurate assignment of the signals is not possible due to the broadness of 

the signals and the very complex spin system leading to sophisticated coupling pattern. 

ESI-MS (CD3CN): cation: m/z = 835.6 [100%, NHCdipp·BH2ïPH2ïBH2·NHCdipp]+); anion: 

m/z = 227.9 [100%, B5P5H19]
-). 

 

X-ray diffraction analysis 

The X-ray diffraction experiments were performed on either a Gemini R Ultra CCD 

diffractometer (4(thf)2, 5(thf)2,4b), SuperNova A CCD diffractometer (2(thf)2, 6) or a 

GV1000 diffractometer (3(thf)2) from Agilent Technologies (formerly Oxford Diffraction) 

applying Cu-KŬ radiation (ɚ = 1.54178 Å). The measurements were performed at 123 K. 

Crystallographic data together with the details of the experiments are given in the Tables 

S1 - S3 (see below). Absorption corrections were applied semi-empirically from 

equivalent reflections or analytically (SCALE3/ABSPACK algorithm implemented in 

CrysAlis PRO software by Agilent Technologies Ltd).[6]  All structures were solved using 

SIR97[7], and OLEX 2.[9c] Refinements against F2 in anisotropic approximation were done 

using SHELXL-97.[8] The hydrogen positions of the methyl groups were located 

geometrically and refined riding on the carbon atoms. Hydrogen atoms belonging to BH2 

and PH2 groups were located from the difference Fourier map and refined without 
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constraints (2(thf)2, 6) or with restrained PïH distances (3(thf)2, 4(thf)2, 5(thf)2,4b). 

Figures were created with OLEX 2.[9] The CIF files are deposited on the provided DVD. 

 

Crystal Structures  

 

[Na(C12H24O6)(thf)2]
+[HP2ïBH2ïPH2]

- (2(thf)2)]): 

Compound 2(thf)2 crystallizes from a THF solution layered by n-hexane at 4° C as 

colourless blocks in the monoclinic space group P2/c. Figure S1 shows the structure of 

2(thf)2 in the solid state. 

 

Figure S1. Molecular structure of 2(thf)2 in the solid state. Selected bond lengths [Å] and angles [°]: P1ïB 
1.961(3), P2ïB 1.961(4), P1ïBïP2 110.5(1). 

 

[Na(C12H24O6)(thf)2]
+[HtBuPïBH2ïPH2]

- (3(thf)2): 

Compound 3(thf)2 crystallizes from a THF solution layered by n-hexane at 4° C as 

colourless blocks in the monoclinic space group P1̄ . Figure S2 shows the structure of 

3(thf)2 in the solid state. 
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Figure S2. Molecular structure of 3(thf)2 in the solid state. Selected bond lengths [Å] and angles [°]: P1ïB 

1.974(2)ï1.980(2), P2ïB 1.958(2)ï1.962(2), P2ïC 1.886(2)ï1.888(2), P1ïBïP2 109.1(1)ï111.9(1), P2ïBïC 
106.5(8)ï107.0(1). 

[Na(C12H24O6)(thf)2]
+[Ph2PïBH2ïPH2]

- (4(thf)2): 

Compound 4(thf)2 crystallizes from a THF/n-hexane mixture at -28° C as colourless 

blocks in the orthorhombic space group Pccn. Figure S3 shows the structure of 4(thf)2 in 

the solid state. 

 
Figure S3. Molecular structure of 4(thf)2 in the solid state. Selected bond lengths [Å] and angles [°]: P1ïB 

1.9734(16) , P2ïB 1.9650(16), P2ïC 1.8405(13)ï1.8474(13), P1ïBïP2 109.1(1)ï111.9(1), P2ïBïC 
111.4(1). 




































































































































































































































































































































