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Reactivity of triphosphinoboranes towards H3B∙SMe2: Access to 
derivatives of boraphosphacycloalkanes 

Anna Ordyszewska,a* Jarosław Chojnackia, and Rafał Grubbaa* 

Triphosphinoboranes activated the B–H bond in the BH3 molecule without any catalysts at room temperature. 

Hydroboration reactions led to boraphosphacyloalkanes with diverse structures. The outcomes of reactions depend on the 

size of phosphanyl substituents on the boron atom of the parent triphosphinoborane, where derivatives of 

boraphosphacyclobutane and boraphosphacyclohexane were obtained. Furthermore, the precursor of 

triphosphinoboranes, namely bromodiphosphinoborane, also exhibited high reactivity towards H3B∙SMe2, yielding bromo-

substituted boraphosphacyclobutane. Hydroboration products were characterized by heteronuclear NMR spectroscopy, 

single crystal X-ray diffraction, and elemental analysis. 

Introduction 

Small-molecule activation has been a rapidly developing 

topic in modern chemistry for a few decades. For a very long 

time, this type of reactivity was dominated by transition metal 

complexes as they play a unique role in the cleavage of strong 

σ-bonds. However, main-group compounds have revealed their 

potential in oxidative addition and reductive elimination1 as 

well as frustrated Lewis pairs (FLPs)2; thus, research into the 

topic has expanded vastly since then. Main-group bond 

activation is possible when two key conditions are fulfilled. 

Firstly, to mimic the reactivity of transition metal complexes, a 

main-group compound must possess a lone pair to donate and 

a free orbital to accept electrons. In other words, the chemical 

compound has to exhibit the properties of both a Lewis base 

and a Lewis acid. Secondly, it simply must be sterically possible. 

In this paper, we decided to focus on the B–H bond 

activation. Although there appears to be a relatively high 

number of metallic systems that can activate the B–H bond,3–9 

the number of compounds of the main-group elements with 

such activity is rather limited. While the majority of B–H bond 

activation examples are based on HBpin10–13 and HBcat,13–15 

BH3∙L (L = SMe2, THF) appears to be a better and more attractive 

choice as it is the substrate for obtaining those previously 

mentioned compounds. Borane dimethylsulfide (BMS) was 

used in the synthesis of boron dihydride complexes of 

bis(phosphinimino)amine with the release of H2 and SMe2.16 

The aforementioned adduct was also used in the reduction 

reaction of CO2 with B–H bond cleavage using Lewis bases17 or 

carbenoid species18 as a catalyst.  

Phosphenium ions possessing P–B bonds have been shown 

to activate not only B–H but also Si–H and C–H bonds.19 Singlet 

electrophilic carbenes20 along with carbenoids21 are examples 

of compounds capable of breaking the B–H bond as a result of 

the 1,1-addition of BH3. Moreover, cyclic alkyl(amino)carbenes 

(CAACs) have recently been used in the effective 

dehydrocoupling of phosphine-borane adducts yielding 

inorganic polymers.22 Before, this reaction required a transition 

metal catalyst in the majority of reactions, but still only the 

dehydrocoupling of primary arylphosphine boranes ArPH2∙BH3 

(Ar = aryl) was reported.23–26 Non-metallic systems, namely 

amine-stabilized phosphinoboranes (RR′PBH2∙NMe3) were 

shown to be valuable synthons for the synthesis of 

poly(alkylphosphino)boranes through thermolysis at mild 

conditions.27,28 Finally, tris(pentafluorophenyl)borane was used 

as a catalyst in the dehydrocoupling reaction of RPH2-BH3 (R = 

Ph, H) yielding the corresponding polymers.29 All the above 

examples of poly(phosphino)boranes concern linear inorganic 

polymers; however, the cyclic ones should not be forgotten. 

There appear to be several reports on cyclic 

poly(phosphino)boranes (R2PBR2)n with diversified substituents 

on the boron atom resulting from head-to-tail polymerization of 

the monomeric phosphinoboranes30 although only a few cyclic 

polymers containing the –BH2– unit have been described in the 

literature.31–35 

Our group has been working intensively on tricoordinate P-

B species over the past few years36–39 as they are nonmetallic 

systems possessing remarkable ambiphilic properties, and are 

cheap and easy to obtain. We have recently synthesized a new 

series of tricoordinate phosphorus and boron compounds, 

namely triphosphinoboranes40 (Chart 1). As we anticipated, 

these compounds display features of both a Lewis base and a 

Lewis acid and therefore are capable of breaking the B–H bond. 

In our preliminary study, we have shown the very first reaction 

of triphosphinoborane (tBu2P)2BPiPr2 with BMS yielding 

boraphosphacyclobutane.40 Herein, we attempted to further 
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explore this reactivity of triphosphinoboranes 1–5 and 

diphosphinoborane 6 possessing diversified structures. 

 

Chart 1. Triphosphinoboranes 1–5 and diphosphinoborane 6 selected for reactions with 

H3B∙SMe2. 

Results and discussion 

The bulkiest triphosphinoborane 1 bearing tBu groups at P- 

atoms reacts with two equivalents of H3B∙SMe2 (BMS) in 

toluene, yielding the derivative boraphosphacyclobutane 1a as 

the main product (Scheme 1). In addition, a small amount of the 

second compound, probably the adduct tBu2P(BH3)-BH2(SMe2) 

(1b) was detected in the reaction mixture. The 11B NMR 

spectrum of 1a shows a broad multiplet at −27.2 ppm, which is 

in the typical range for tetracoordinate boron atoms. The 

presence of a broad quintet at 8.7 ppm (1JBP = 60 Hz) in the 
31P{1H} spectrum of 1a indicates two equivalent boron atoms 

coupled with phosphorus. Furthermore, the 1H NMR spectrum 

of 1a contains a broad quartet at 2.58 ppm (1JBH = 100 Hz), which 

corroborates the presence of the B–H unit in the structure of 

1a. 

 

Scheme 1. The reaction of 1 with H3B∙SMe2. 

Interestingly, Nöth and co-workers detected the formation 

of a small amount of 1a together with other boron-containing 

compounds during the decomposition of the R2B-PtBu2(BH3) 

adduct (R2B = 9-borabicyclo[3.3.1]nonanyl); however, the low 

yield of this reaction made it impossible to fully characterize the 

mentioned compound.41 

X-ray-quality crystals of 1a were obtained via evaporation of 

the solvent from the reaction mixture under reduced pressure 

and crystallization from petroleum ether solution at −20°C. The 

molecular structure of 1a is presented in Figure 1. 

 

Figure 1. X-ray structure of 1a showing the atom-numbering scheme. Ellipsoids are 
shown at 50% probability. H atoms have been omitted for clarity except those bound to 
boron atoms.  

The X-ray diffraction study reveals that 1a can be seen 

formally as a dimer of the elusive phosphinoborane tBu2P-BH2. 

In contrast to cyclobutane which exhibits saddle conformation, 

the four membered-ring present in the structure of 1a is planar 

with a torsion angle P1-B1-P1’-B1’ of 0°. This planar 

conformation of 1a results from steric repulsion of bulky tert-

butyl groups at P atoms (a space-filling model of 1a is depicted 

in Figure S1). The B–P distances are close to 2 Å and only slightly 

exceed the expected distance for a single covalent B–P bond 

(1.96 Å).42 To the best of our knowledge this, is the first 

structure of boraphosphacyclobutane derivative possessing 

two BH2 units. 

Next, we tested the reactivity of triphosphinoboranes with 

diversified substituents, where the central boron atom is 

connected to two bulky tBu2P fragments and a less crowded 

phosphanyl group such as Cy2P (2), iPr2P (3), tBuPhP (4), or Ph2P 

(5) (Chart 1). Similar to the reaction involving 1, 

triphosphinoborane 2 reacts with two equivalents of BMS in 

toluene with the formation of 2a containing a four-membered 

B2P2 ring (Scheme 2). The evaporation of the solvent from the 

reaction mixture under vacuum, followed by washing the crude 

product with petroleum ether and crystallization from 

concentrated toluene solution yielded analytically pure 2a as 

colourless crystals in moderate yield (64%).  

 

Scheme 2. Reactions of 2-5 with H3B∙SMe2. 

Collectively, the heteronuclear NMR analysis and X-ray 

diffraction study revealed that, similarly to 1a, the mentioned 

ring includes two tBu2P fragments linked by boron hydride 

fragments; however, unlike 1a, one hydrogen atom of the BH2 

unit is substituted by a Cy2P-BH3 moiety (Figure 2). The 

phosphaboracyclobutane ring of 2a exhibits analogous 

structural features to those observed in 1a, such as almost 

planar conformation (P1-B1-P2-B2 torsion: 3.88°) and B–P bond 

distances of approximately 2 Å. In contrast with 1a, the 31P{1H} 

spectrum of 2a consists of three very broad singlets at 38.3 ppm 

(tBu2P), 30.3 ppm (tBu2P), and −3.4 ppm (Cy2P), indicating three 
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inequivalent phosphorus centres. The 11B NMR spectrum of 2a 

shows a broad multiplet for the BH moiety at −25.6 ppm and 

two overlapping signals attributable to BH2 and BH3 fragments 

at approximately −36 ppm. 

 

Figure 2. X-ray structure of 2a showing the atom-numbering scheme. Ellipsoids are 
shown at 50% probability. H atoms, except those bound to boron atoms, have been 
omitted for clarity. 

The influence of substituents on reaction outcome is visible 

in the case of the analogous experiment using 5, which contains 

the least crowded Ph2P fragment. The product of reaction (5a) 

was isolated in moderate yield (52%) from concentrated 

petroleum ether solution at −20°C as large colourless crystals. 

At the first glance, the obtained product of reaction with BMS 

(5a) is similar to those observed in a reaction involving 2. 

However, careful analysis of the molecular structure of 5a 

revealed substantial differences between 2a and 5a (Figure 3). 

 

Figure 3. X-ray structure of 5a showing the atom-numbering scheme. Ellipsoids are 
shown at 50% probability. H atoms, except those bound to boron atoms, have been 

omitted for clarity.  

In the case of 5a, a less crowded phosphanyl group is 

incorporated into the B2P2 ring, whereas tBu2P moiety is 

included in the tBu2P(BH3) fragment bonded via the P atom to 

B1 atom of the B2P2 ring. Moreover, in contrast to 2a, the B2P2 

ring of 5a is folded along B1-B2 and exhibits saddle 

conformation with torsion P2-B1-P3-B2 of −17.88(9)°. 

As expected, 31P{1H} and 11B NMR spectra of 5a show three 

well-separated broad signals in the ranges from −7.8 ppm to 

30.3 ppm and from −36.8 ppm to −18.3 ppm, respectively. It is 

worth mentioning that our previous preliminary studies 

revealed that the reaction of 3 possessing a iPr2P group with 

BMS yielded product 3a, with analogous structural features to 

those observed in 5a such as a folded B2P2 ring containing a less 

crowded phosphanyl fragment iPr2P (Scheme 2).40  

 In comparison to reactions 1, 2, 3, or 5 with BMS, the 

analogous reaction involving 4 did not give only one major 

product, but a mixture of several species containing B–P 

moieties. Monitoring the progress of the reaction by 

heteronuclear NMR spectroscopy indicated the formation of 

four main products together with small amounts of other 

unidentified boron and phosphorus species (Scheme 3). The 

compounds 4a, 4b, 1a, and 1b were identified by NMR 

spectroscopy, and the structures of 4a, 4b, and 1a were 

additionally confirmed by X-ray crystallography. The mix of 4a, 

4b, 1a, and 1b in a molar ratio of 1:1:0.5:1 was obtained from 

concentrated petroleum ether at −20°C. Owing to the very 

similar solubility of the aforementioned compounds in common 

organic solvents, the separation of reaction products via 

fractional crystallization was not possible.  

 

Scheme 3. The reaction of 4 with H3B∙SMe2. 

The most fascinating product of this reaction is the 

derivative boraphosphacyclohexane 4a. It displays two 31P{1H} 

resonances at 13.7 ppm and −4.6 ppm, which are assigned to 

phosphorus atoms of tBu2P and tBuPhP fragments. 

Furthermore, it shows two 11B resonances at −14.2 ppm and 

−20.9 ppm attributed to inequivalent BH2 groups. The molecular 

structure of 4a is depicted in Figure 4. Owing to the low quality 

of crystals of 4a (R1 = 11.79%), we will not discuss in detail the 

metric parameters of the X-ray structure of 4a. However, crucial 

structural features of 4a can be easily identified based on these 

data. The molecule of 4a consists of a six-membered ring 

composed of tBuPhP moiety and two tBu2P fragments linked by 

boron atoms of three BH2 groups. The six-membered ring is 

folded along the P1-P3 and B2-B3 vectors, which leads to a boat 

conformation. The compound 4a can be treated as an adduct of 

one molecule of tBuPhP-BH2 and two molecules of tBu2P-BH2.  
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Figure 4. X-ray structure of 4a showing the atom-numbering scheme. Ellipsoids are 
shown at 50% probability. H atoms, except those bound to boron atoms, have been 
omitted for clarity.  

To the best of our knowledge, this is the first example of a 

derivative of boraphosphacyclohexane bearing diversified 

substituents at phosphorus atoms. Interestingly, the great 

majority of boraphosphacyclohexanes were obtained via 

dehydrocoupling of phosphine-boranes and they have a 

trimeric structure with a general formula of (R2P-BH2)3. Only a 

few examples of such trimers were investigated by X-ray 

diffraction.43,44,35 In contrast to 4a, they exhibit armchair 

conformation, such as the cases of (Me2P-BH2)3
43 and (Ph2P-

BH2)3
44, or the almost planar conformation observed for 

((Me3Si)2P-BH2)3.35 

Regarding other products of the reaction of 4a with BMS, 4b 

is an adduct of elusive tBuPhB-BH2 and BMS (Figure 4), whereas 

1a and 1b were identified by us as products of the previously 

mentioned reaction of 1 with BMS. 

 

Figure 5. X-ray structure of 4b showing the atom-numbering scheme. Ellipsoids are 
shown at 50% probability. H atoms, except those bound to boron atoms, have been 
omitted for clarity.  

The high reactivity of triphosphinoboranes towards BMS 

encourages us to expand our study to other species with B–P 

bonds. For the synthesis of triphosphinoboranes with 

diversified substituents (2–5), we used bromo-substituted 

diphosphinoborane 6 (Chart 1). We were curious if the 

precursor of triphosphinoboranes would also activate the BH3 

molecule. To our delight, the reaction of 6 with BMS in toluene 

in a molar ratio of 1:1 proceeded smoothly and resulted in only 

one product 6a (Scheme 4).  

 

Scheme 4. The reaction of 6 with H3B∙SMe2. 

The X-ray quality crystals of 6a were obtained via low-

temperature crystallization from concentrated petroleum ether 

solution in a high yield (82%). NMR spectroscopy and single 

crystal X-ray diffraction both confirmed the formation of a 

bromo-substituted boraphosphacyclobutane structure. The 11B 

NMR spectrum of 6a shows two broad signals at −31.1 ppm 

(BH2) and −17.8 ppm (BBrH), whereas the 31P{1H} NMR 

spectrum of 6a contains only one broad resonance at 10.1 ppm 

(tBu2P). These data corroborate well with the results of X-ray 

diffraction analysis, which indicated the presence of two 

inequivalent boron centres and two equivalent phosphorus 

centres. The X-ray structure of 6a is depicted in Figure 6.  

 

Figure 6. X-ray structure of 6a showing the atom-numbering scheme. Ellipsoids are 
shown at 50% probability. H atoms, except those bound to boron atoms, have been 
omitted for clarity.  

The 6a structure is very similar to 1a; however, in the case of 6a, 

one hydrogen atom at the B1 atom is substituted by a bromine 

atom. The central B2P2 ring of 6a is slightly more distorted in 

comparison to those observed in 1a with a P1-B1-P2-B2 torsion 

angle of 4.4(2)°. 

Conclusions 

Triphosphinoboranes smoothly activate the B–H bond in BMS 

owing to the presence in their structures of both Lewis acidic 

and Lewis basic reactive centres. The steric effect has a strong 

influence on the outcomes of described reactions. Depending 

on the substituents at phosphorus atoms in the starting B–P 

compounds, four- or six-membered cyclic products were 

obtained. The resulting cyclic compounds can be seen as 

derivatives of boraphosphocyclobutane or 

boraphosphacyclohexane, respectively. These results not only 

confirmed the applicability of triphosphinoboranes in the 

activation of covalent bonds but also provide new synthetic 

access to cyclic B–P species.   
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