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Abstract  

Although the dehydrogenation chemistry of amine-boranes substituted at nitrogen has attracted 

considerable attention, much less is known about the reactivity of their B-substituted analogs. 

When the B-methylated amine-borane adducts, RR′NH∙BH2Me (1a: R = R′ = H; 1b: R = Me, R′ 

= H; 1c: R = R′ = Me; 1d: R = R′ = iPr) were heated to 70 °C in solution (THF and toluene), 

redistribution reactions were observed involving the apparent scrambling of the methyl and 

hydrogen substituents on boron to afford a mixture of the species RR′NH∙BH3-xMex (x = 0 – 3). 

These reactions were postulated to arise via amine-borane dissociation followed by the reversible 

formation of diborane intermediates and adduct reformation. Dehydrocoupling of 1a - 1d with 

Rh(I), Ir(III) and Ni(0) precatalysts in THF at 20 °C resulted in an array of products, including 

aminoborane RR′N=BHMe, cyclic diborazane [RR′N-BHMe]2, and borazine [RN-BMe]3 based 

on analysis by in situ 11B NMR spectroscopy, with peak assignments further supported by DFT 

calculations. Significantly, very rapid, metal-free hydrogen transfer between 1a and the 

monomeric aminoborane, iPr2N=BH2, to yield iPr2NH∙BH3 (together with dehydrogenation 

products derived from 1a) was complete within only 10 min. at 20 °C in THF, substantially 

faster than for the N-substituted analog MeNH2∙BH3. DFT calculations revealed that the 

hydrogen transfer proceeded via a concerted mechanism through a cyclic six-membered 

transition state analogous to that previously reported for the reaction of the N-dimethyl species 

Me2NH·BH3 and iPr2N=BH2. However, as a result of the presence of an electron donating 
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methyl substituent on boron rather than on nitrogen, the process was more thermodynamically 

favorable and the activation energy barrier was reduced. 

  

1. Introduction 

Amine-boranes (RR′R′′N·BH3, R, R′, R′′ = H, alkyl or aryl) are isoelectronic with alkanes and 

have been the recent focus of intense attention as a result of their potential applications in 

hydrogen storage and transfer, as well as precursors to new inorganic materials.1 For example, 

polyaminoboranes, [RNH-BH2]n, which are structurally analogous and isoelectronic to 

polyolefins, represent an interesting class of polymers accessed from amine-boranes that may 

possess useful piezoelectric or preceramic properties.2 Dehydrocoupling of amine-boranes, 

where the release of hydrogen is accompanied by the formation of new B-N bonds, can be 

performed thermally,1c using stoichiometric amounts of a hydrogen acceptor,1i-l, 3 or much more 

efficiently with a variety of Rh,4 Ir,2d, 5 Ni,6 Ti,7 Fe,6c, 8 Re,9 Ru10 precatalysts as well as with 

other transition metal11 and main-group species.12 Under these conditions, ammonia-borane, 

NH3·BH3, as well as primary, RNH2·BH3, and secondary amine-boranes, RR′NH·BH3 (R, R′ = 

alkyl, aryl) readily eliminate one equivalent of hydrogen to yield aminoboranes, RR′N=BH2, 

which can either be stable as a monomer or undergo oligomerization to yield linear RR′NH-

[BH2-RR′N]x-BH3 or cyclic [RR′N-BH2]x borazanes (x = 2 or 3) (Scheme 1).13 Alternatively, 

high molecular weight polyaminoboranes, [RNH-BH2]n can be formed if the precursor is 

ammonia-borane (R = H) or a sterically unhindered primary amine-borane (R = Me, Et, nBu) and 

the catalyst is selective for dehydropolymerization.2d, 4e, 5c, 6a, 14 Under most circumstances, 

elimination of two equivalents of hydrogen occurs with ammonia-borane and primary amine-

boranes to yield borazines, [RN-BH]3 (Scheme 1).15 
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Scheme 1: Dehydrocoupling of amine-boranes. 

 

In recent years amine-boranes have been shown to function as hydrogen donors providing one or 

more equivalents of hydrogen to acceptors such as imines,1k olefins, 1l,2c,2d aminoboranes,1j a C4 

cumulene,16 and azobenzene.17 We have recently reported detailed kinetic and thermodynamic 

studies of the hydrogen transfer reaction of Me2NH∙BH3 and iPr2N=BH2 to yield Me2N=BH2 and 

iPr2NH∙BH3, where the former aminoborane subsequently dimerizes to form [Me2N-BH2]2 

(Scheme 2). Experimental data and DFT calculations determined that the hydrogen transfer step 

was slightly endergonic (ΔG°exp = +10 ± 7 kJmol-1, ΔG°calc = +9.1 kJmol-1) with the dimerization 

of Me2N=BH2 providing the driving force for the overall reaction (ΔG°exp = -28 ± 14 kJmol-1, 

ΔG°calc = -20.0 kJmol-1).1j The mechanistic pathway for the hydrogen transfer was investigated 

and found to involve a concerted process with a cyclic six-membered transition state with an 

activation energy of +91 ± 5 kJmol-1 (ΔG°‡
exp) or +86.9 kJmol-1 (ΔG°‡

calc). 

Scheme 2: Hydrogen transfer between Me2NH∙BH3 and iPr2N=BH2. 

 

Although a wide range of N-substituted amine-boranes are known and have been investigated 

extensively,4a to date, far fewer examples of B-substituted amine-boranes have been studied. The 

geometries and dissociation energies of NH3∙BHxMe3-x and MexNH3-x∙BH3 (x = 0 - 3) were 

theoretically predicted by Boutalib and co-workers whom suggested that the stability of the 

amine-borane increased upon inclusion of a methyl group at nitrogen with a corresponding 
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decrease when boron possesses methyl substituents.18 Dixon and co-workers investigated the 

dehydrogenation energies of the same set of amine-boranes via DFT calculations and reported 

that having a methyl substituent at boron led to an exothermic dehydrogenation reaction whereas 

at nitrogen, the process was close to thermoneutral.19 In addition, our group has previously 

reported that the B-pentafluorophenyl substituted amine-borane, iPr2NH∙BH(C6F5)2 undergoes 

thermal dehydrogenation at 100 °C to yield the aminoborane iPr2N=B(C6F5)2.
20 We have also 

synthesized a series of B-thioaryl substituted amine-boranes, including iPr2NH∙BH2SR (R = Ph, 

C6F5) which underwent both thermal and catalytic dehydrogenation to yield B-thioaryl 

substituted aminoborane, iPr2N=BHSR.21 Synthesis of  two B-methylated amine-boranes, 

Me3N∙BH2Me and Me2NH∙BH2Me, has been previously reported by Paul and Roberts,22 and 

Beachley and Washburn,23 although no further studies of their reactivity were described.  

Herein, we report the synthesis of a series of B-methylated amine-boranes (1a: NH3∙BH2Me; 1b: 

MeNH2∙BH2Me; 1c: Me2NH∙BH2Me;22-23 1d: iPr2NH∙BH2Me) and describe studies of their 

reactivity at elevated temperatures as well as towards a range of well-established 

dehydrocoupling catalysts and the hydrogen acceptor, iPr2N=BH2. While our work was in 

progress, Liu and co-workers independently reported the synthesis of 1a and 1b, and determined 

that the catalytic dehydrocoupling of these species in the presence of CoCl2 at 80 °C yielded 

borazine, [RN-BMe]3 (R = H or Me) as the sole product after 36 h.11e  

2. Results 

2.1. Synthesis and Characterization of 1a to 1d.  

The synthesis of a series of B-methylated amine-boranes (1a-1d) was carried out via salt 

metathesis with Li[BH3Me] and [RR′NH2]Cl (R, R′ = H, Me or iPr, Scheme 3).11e The former 

species was prepared by the reaction of MeB(OH)2 with 1.5 equivalents of LiAlH4.
24  

Scheme 3: Synthesis of B-methylated amine-boranes 1a-1d (1a: R, R′ = H; 1b: R = H, R′ = 

Me; 1c: R, R′ = Me; 1d: R, R′ = iPr). 
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The B-methylated amine-boranes were isolated as either colorless solids (1a, 1b, 1d) or as a 

liquid (1c) and selected characterization data is given in Table 1.25 As expected, one signal was 

observed in the 11B NMR spectra in the range -8.5 to -15.1 ppm as a triplet (1JBH = 94-96 Hz), for 

1a-1d in CDCl3 (Figures S1, S3, S6, S9). The observed chemical shift and coupling pattern was 

indicative of a four-coordinate boron center with two hydrogen substituents. Comparison of the 

11B NMR chemical shifts of 1a-1d to the analogous amine-boranes; ammonia-borane, NH3∙BH3, 

N-methyl amine-borane, MeNH2∙BH3, N-dimethyl amine-borane, Me2NH∙BH3 and N-

diisopropyl amine-borane, iPr2NH∙BH3, indicated that a downfield shift was observed upon the 

replacement of a hydrogen for a methyl group at boron (Table 1).4a The observed 1H (Figures S2, 

S4, S7, S10) and 13C (Figures S5, S8, S11) NMR spectra were unremarkable, but consistent with 

the assigned structures.  

Table 1: Yield, 11B and 1H NMR spectroscopic data of selected amine-boranes in CDCl3.4a, 

26  

Amine-borane Yield / % δB  1JBH δH (B-CH3) δH (N-CH) Reference 

NH3∙BH3 86 -21.6 95 - - 4a 

1a 41 -15.1 95 -0.11 - This work 

MeNH2∙BH3 89 -18.8 94 - 2.54 4a 

1b 46  -12.3 93 -0.18 2.52 This work 

Me2NH∙BH3 71 -15.1 96 - 2.59 26 

1c 18 -8.5 94 -0.19 2.55 This work 

iPr2NH∙BH3 90 -21.1 97 - 3.23 4a 

1d 31 -14.6 96 -0.18 3.34 This work 

 

Recrystallization of 1a from a solution of Et2O/hexanes at -40 °C yielded small, colorless 

crystals suitable for study by single crystal X-ray diffraction, which corroborated the 

connectivity suggested by the other spectroscopic data (Figure 1a).25 In an analogous fashion, 

crystals of 1b and 1d were grown that were also suitable for X-ray diffraction (Figures 1b and 

2).25  
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Figure 1: Molecular structure of compound (a) 1a and (b) 1b with all non-H atoms thermal 

ellipsoids drawn at the 50 % probability level. 

 

Figure 2: Molecular structure of compound 1d with all non-H atoms thermal ellipsoids 

drawn at the 50 % probability level. All hydrogen atoms bonded to carbon were omitted 

for clarity. 

The B-N bond length for 1a was determined to be 1.614(3) Å, which was slightly elongated 

compared to that of 1b (1.605(2) Å), presumably as the electron donating methyl group at 

nitrogen strengthened the dative bond from nitrogen to boron (Table 2). On the other hand, the 

inclusion of two sterically bulky isopropyl groups at nitrogen (in 1d) significantly lengthened the 

B-N bond to 1.6333(6) Å. Although the increased electron donating ability of the isopropyl 

groups would be expected to strengthen the dative bond, the steric effect of the bulky alkyl 

groups dominates, thereby weakening the B-N bond. The B-N bond lengths for 1a, 1b and 1d 

were found to be significantly longer than for analogous amine-boranes without a methyl group 

at boron; with reported B-N distances of 1.58(2), 1.5936(13) and 1.5965(13) Å for NH3∙BH3,
27 

MeNH2∙BH3 and Me2NH∙BH3, respectively.28 This was a likely consequence of an increase in 
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electron density at boron induced by the electron donating methyl group, which reduced the 

strength of the B-N dative bond. Both the boron and nitrogen atoms of 1b were found to exhibit 

distorted tetrahedral geometries, consistent with approximate sp3 hybridization, and the C1-N1-

B1-C2 chain was found to adopt a gauche conformation with a dihedral angle of 178.27°.  

Table 2: B-N bond lengths of selected amine-boranes by X-ray diffraction. 

Amine-borane B-N bond length / Å Reference 

NH3∙BH3 1.58(2)a 27 

1a 1.614(3) This work 

MeNH2∙BH3  1.5936(13) 28 

1b 1.605(2) This work 

Me2NH∙BH3 1.5965(13) 28 

1d 1.6333(6) This work 

a determined by neutron diffraction. 

 

Longer-distance, non-covalent intermolecular interactions were observed for 1a between 

adjacent amine-boranes, with lengths in the range of 2.08-2.34 Å between the hydridic and protic 

hydrogen atoms on boron and nitrogen, respectively (Figure 3 and Table 3). These distances 

were shorter than twice the Van der Waal radius for two hydrogen atoms (2.4 Å). Dihydrogen 

intermolecular interactions were also detected for amine-boranes 1b and 1d (Figures S61 and 

S62 and Table 3). The H-H-N angles were determined to be relatively linear (137.6 - 174.2°), in 

contrast to the corresponding H-H-B angles indicating a bent geometry, with values in the range 

of 92.7 - 147.4°. Together with the dihydrogen distances, these types of linear H-H-N bond and 

bent H-H-B bond geometry were similar to those observed for dihydrogen intermolecular 

interactions in other crystallographically characterized amine-boranes.27-29  
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Figure 3: Association of the molecules of 1a via dihydrogen intermolecular interactions in 

the solid state with thermal ellipsoids at the 50 % probability level. All hydrogen atoms 

bonded to carbon are omitted for clarity. 

Table 3: H-H bond distances (D(HN-HB) and angles (∠ HHN and ∠ HHB) between protic 

and hydridic hydrogens on B-methylated amine-boranes 1a, 1b and 1d. 

Amine-borane D(HN-HB) / Å ∠ HHN / ° ∠ HHB / ° 

1a 2.076 161.9 147.4 

 2.133 140.5 123.4 

 2.160 143.6 102.4 

 2.342 167.2 92.6 

1b 2.253 137.5 94.9 

 2.130 166.0 99.3 

 2.119 151.9 131.0 

1d 2.163 174.2 144.1 

 

2.2. Thermally-Induced Redistribution and Dehydrogenation Reactions of 1a-1d 

To determine the thermal stability of the B-methylated amine-boranes, a solution of 1a-1d in 

either a coordinating (THF) or a weakly coordinating (toluene) solvent was monitored by 11B 

NMR spectroscopy at ambient (20 °C) and elevated (70 °C) temperatures over various periods of 

time. The assignment of the product signals detected by 11B NMR spectroscopy was further 
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supported by literature chemical shift data (δB,lit), where available, as well as DFT calculations of 

11B NMR chemical shifts (δB,calc) and 1JBH coupling constants (Table S4).25  

(a) Thermally-Induced Redistribution and Dehydrogenation Reactions of 1a 

The thermal stability of 1a at ambient temperature was investigated by 11B NMR spectroscopy. 

No reaction was observed for 1a in a THF solution after 170 h at 20 °C (Figure S16). However, 

under analogous conditions in a toluene solution, significant amounts of products derived from 

the redistribution of the methyl and hydrogen substituents at boron were observed; in addition to 

unreacted 1a (ca. 40 %), the appearance of singlet, doublet and quartet peaks at -6.1, -9.5 and -

22.3 ppm, respectively, were detected by 11B NMR spectroscopy at 20 °C after 170 h. The 

product peaks were postulated to correspond to B-trimethyl amine-borane, NH3∙BMe3 [δB,exp -6.1 

(s)] [δB,calc -7.0] (ca. 10 %), B-dimethyl amine-borane, NH3∙BHMe2 [δB,exp -9.5 (d, 1JBH = 107 

Hz)] [δB,calc -9.8 (1JBH = 97 Hz)] (ca. 30 %), and NH3∙BH3 [δB,exp -22.3 (q, 1JBH = 91 Hz)] [δB,lit -

21.6 (q, 1JBH = 95 Hz)]4a (ca. 10 %) (Scheme 4, Figure S17).  

Scheme 4: Redistribution of methyl and hydrogen substituents at boron for 1a in toluene at 

20 °C. 

 

As well as the products arising from methyl and hydrogen redistribution at boron for 1a, a broad 

11B NMR peak with no detectable proton coupling was observed at δB,exp 46.3 (s). This was 

assigned to B-dimethyl aminoborane, NH2=BMe2 [δB,calc 48.8] [δB,lit 47.1]30 (ca. 10 %), which 

was postulated to arise as a result of the instability of NH3∙BHMe2 towards hydrogen loss, as 

predicted by DFT calculations.19  

The redistribution reaction of 1a in toluene was also studied at elevated temperature (70 °C). 

After 24 h, 11B NMR spectroscopy showed that 1a had been completely consumed with the 

formation of the dehydrocoupled product B-trimethyl borazine [NH-BMe]3 [δB,exp 34.3 (s)] 

[δB,calc 34.5] [δB,lit 36.0]31 (ca. 10 %). Other products observed were NH2=BMe2 (ca. 40 %) and 

the redistribution product NH3∙BHMe2 (ca. 30 %). Minor amounts of NH3∙BMe3 (ca. 10 %), and 

[NH2-BH2]x [δB,exp -13.9 (m)] [δB,lit -10.7 (in solid state)]5c (ca. 10 %) were also detected 
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(Scheme 5, Figure S18). Similar redistribution products were observed when heating 1a to 70 °C 

in THF after 24 h (Figure S19). 

Scheme 5: Thermolysis of 1a in toluene at 70 °C. 

 

(b) Thermally-Induced Redistribution and Dehydrogenation Reactions of 1b-1d. 

In contrast to the redistribution of the methyl and hydrogen substituents at boron observed for 1a 

in toluene at 20 °C, no corresponding reaction was detected for solutions of 1b-1d in either 

coordinating (THF) or weakly coordinating (toluene) solvents after 170 h by 11B NMR 

spectroscopy (Figures S20-S25). The stability of 1b-1d at elevated temperatures was then 

investigated; a toluene solution of 1b-1d was heated to 70 °C until quantitative consumption of 

the amine-borane was detected. As the steric bulk of the alkyl groups increased at nitrogen, the 

reaction time for complete consumption of the B-methylated amine-borane increased from 48 h 

(1b) to 170 h (1c) to 500 h (21 days) (1d), as monitored by 11B NMR spectroscopy.  

Similar to the case of 1a, thermolysis of 1b in toluene at 70 °C led to the formation of a complex 

mixture of redistribution and dehydrogenation products by 11B NMR spectroscopy, although the 

process was slower (48 h). These products consisted of MeNH=BMe2 [δB,exp 45.0 (s)] [δB,calc 

47.4] [δB,lit 45.7]30 (ca. 30 %), tentatively assigned cyclic oligo(B-methyl aminoborane) [MeNH-

BHMe]x [δB,exp -3.2 (d, br)] (ca. 20 %), N-trimethyl triborazane [MeNH-BH2]3 [δB,exp -7.0 (m)] 

[δB,lit - 5.4 (t, 1JBH = 107 Hz)]32 (ca. 20 %) and MeNH2∙BH3 [δB,exp -18.4 (q, 1JBH = 96 Hz] [δB,lit -

18.8 (1JBH = 94 Hz)]4a (ca. 30 %) (Scheme 6, Figure S25). Analogous redistribution and 

dehydrogenation products were detected for the thermolysis reaction of 1c (Figure S26) and for 

1d, only dehydrogenated derivatives iPr2N=BMe2 [δB,exp 44.0 (s)] [δB,calc 47.2] (ca. 30 %) and 

iPr2N=BHMe [δB,exp 39.2 (d, 1JBH = 119 Hz)] [δB,calc 41.4 (1JBH = 122 Hz)] (ca. 40 %) were 

formed together with iPr2NH∙BH3  [δB,exp -21.4 (q, 1JBH = 99 Hz)] [δB,calc -21.1 (1JBH = 97 Hz)]4a 

in toluene at 70 °C (Figure S27). Similar reactivity was also observed for the thermolysis of 1b-
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1d in the more coordinating solvent, THF, at 70 °C over a period of 170 – 340 h (Figures S29-

S31). 

Scheme 6: Thermolysis of 1b in toluene at 70 °C. 

 

2.3. Catalytic Dehydrocoupling Reactions of B-Methylated Amine-Boranes 1a-1d 

In an attempt to favor dehydrocoupling over redistribution reactions, the use of transition metal 

catalysts was explored. Specifically, the reactivity of the B-methylated amine-boranes 1a-1d 

towards previously established dehydrocoupling catalysts [Rh(COD)(μ-Cl)]2 (COD = 1,5-

cyclooctadiene),4a IrH2(POCOP) (POCOP = κ3-1,3-(OPtBu2)2C6H3),
2d, 5a and skeletal nickel6a 

was investigated.   

(a) Catalytic Dehydrocoupling of 1a-1d with [Rh(COD)(μ-Cl)]2 

A THF solution of 1a was treated with 2.5 mol% [Rh(COD)(μ-Cl)]2 (5 mol% Rh) at 20 °C and 

the reaction course was monitored by 11B NMR spectroscopy. After 1 h, complete consumption 

of the starting material was observed with the quantitative formation of the dehydrocoupled 

product, B-trimethyl borazine [NH-BMe]3 (Scheme 7a, Figure S32). The quantitative conversion 

was similarly reported by Liu and co-workers,11e whereby 1a in diglyme with 5 mol% CoCl2 

yielded borazine [NH-BMe]3 with the exception that their reaction was heated at 80 °C and 

required 36 h to reach completion. Upon addition of [Rh(COD)(μ-Cl)]2 to the THF solution of 

1a-1d, a change from a transparent yellow solution to a black suspension was observed. This was 

consistent with reduction of the Rh(I) precatalyst to rhodium colloids, the likely active catalyst 

based on previous studies on amine-borane dehydrocoupling with [Rh(COD)(μ-Cl)]2.
4a,33 
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Scheme 7: Catalytic dehydrocoupling of (a) 1a and (b) 1b in THF at 20 °C ([M] = 2.5 mol% 

[Rh(COD)(μ-Cl)]2, 5 mol% IrH2(POCOP), 10 mol% skeletal nickel).33 Species that appear 

with only specific substrates and precatalysts are labelled as follows: (red) with 1a and 

IrH2(POCOP) or skeletal nickel, (blue) with 1b and IrH2(POCOP) or skeletal nickel, 

(purple) with 1b and skeletal nickel, and (green) with 1b and [Rh(COD)(μ-Cl)]2 or skeletal 

nickel. 

 

In contrast to the rapid and quantitative dehydrocoupling reactivity observed for 1a, the reaction 

of 1b in THF at 20 °C with 2.5 mol% [Rh(COD)(μ-Cl)]2 (5 mol% Rh) resulted in a slower 

conversion of the amine-borane (24 h for complete consumption). In this case, two products were 

formed: B-trimethyl-N-trimethyl borazine [MeN-BMe]3 [δB,exp 35.7 (s)]34 [δB,calc 36.4] (ca. 80 %) 

and B-methyl-N-methylbis(amino)borane (MeNH)2BMe [δB,exp 31.0 (s)] [δB,calc 30.2] [δB,lit 

31.7]30 (ca. 20 %), as observed by 11B NMR spectroscopy (Scheme 7b, Figure S33). In this case, 

the formation of the two products differs from the results described by Liu and co-workers for 

the Co-catalyzed dehydrogenation of 1b, as under more forcing conditions (5 mol% CoCl2, 80 

°C, 36 h), borazine was observed as the sole product.11e 

The catalytic dehydrogenation of 1c with 2.5 mol% [Rh(COD)(μ-Cl)]2 (5 mol% Rh) in THF at 

20 °C proceeded at a similar rate to that of 1b, although the product mixture showed a further 

increase in complexity. Complete consumption of amine-borane was observed after 24 h with the 

formation of Me2N=BHMe (ca. 30 %), the corresponding dimer, cyclic B-dimethyl-N-

tetramethyl diborazane, [Me2N-BHMe]2 [δB,exp 4.9 (d, 1JBH = 110 Hz) and 4.4 (d, 1JBH = 109 Hz)] 
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[δB,calc 2.4 (1JBH = 110 Hz)] (ca. 40 %) and B-methyl-N-dimethylbis(amino)borane, (Me2N)2BMe 

[δB,exp 30.3 (s)] [δB,calc 33.5] (ca. 20 %) together with an unidentified product [δB,exp 3.8 (m)] (ca. 

10 %) being observed by 11B NMR spectroscopy (Scheme 8a, Figure S34). The cyclic 

diborazane, [Me2N-BHMe]2, was observed by 11B NMR spectroscopy as two doublet peaks, 

consistent with the presence of cis and trans isomers.  

Scheme 8: Catalytic dehydrocoupling of (a) 1c and (b) 1d in THF at 20 °C ([M] = 2.5 mol% 

[Rh(COD)(μ-Cl)]2, 5 mol% IrH2(POCOP), 10 mol% skeletal nickel). Species that appear 

with only specific substrates and precatalysts are labelled as follows: (red) with 1c and 

[Rh(COD)(μ-Cl)]2 or skeletal nickel, (blue) with 1d and [Rh(COD)(μ-Cl)]2 or skeletal 

nickel, (purple) with 1d and [Rh(COD)(μ-Cl)]2. 

 

The reaction of the sterically encumbered B-methylated amine-borane 1d with 2.5 mol% 

[Rh(COD)(μ-Cl)]2 (5 mol% Rh) in THF at 20 °C was observed to be substantially slower than 

for 1a-1c, with complete consumption of 1d requiring 120 h. The products detected by 11B NMR 

spectroscopy were iPr2N=BHMe (ca. 80 %), and the presumed, dehydrogenated redistribution 

product iPr2N=BMe2 (ca. 20 %) (Scheme 8b, Figure S35). 

(b) Catalytic Dehydrocoupling of 1a-1d with IrH2(POCOP) and Skeletal Nickel 

Similar to the dehydrocoupling of 1a with [Rh(COD)(μ-Cl)]2, the reaction of 1a with 5 mol% 

IrH2(POCOP) in THF at 20 °C required 1 h for complete consumption of amine-borane and 

yielded [NH-BMe]3 (ca. 90 %). However, B-methylbis(amino)borane (NH2)2BMe [δB,exp 32.1 

(s)] [δB,calc 31.0] (ca. 10 %) was also detected as a second product by 11B NMR spectroscopy 

(Scheme 7a, Figure S36). In contrast, the reaction of 1a with 10 mol% skeletal nickel in THF at 

20 °C was significantly slower than for both [Rh(COD)(μ-Cl)]2 and IrH2(POCOP) as 

precatalysts, with complete consumption of 1a detected after 24 h together with the formation of 
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the same two products as for IrH2(POCOP), namely borazine [NH-BMe]3 (ca. 80 %) and 

(NH2)2BMe (ca. 20 %) (Scheme 7a, Figure S37). 

In contrast to the results for 1a, a significantly faster reaction was observed for 1b with 5 mol% 

IrH2(POCOP) than for [Rh(COD)(μ-Cl)]2 in THF at 20 °C, with complete consumption of the 

amine-borane observed after 1 h rather than 24 h. However, a more complex array of products 

was formed, including B-methyl-N-methyl aminoborane, MeNH=BHMe [δB,exp 41.9 (d, 1JBH = 

116 Hz)] [δB,calc 44.0 (1JBH = 122 Hz)] (ca. 20 %), cyclic B-methyl-N-methyl diborazane 

[MeNH-BHMe]2 [δB,exp 1.4 (d, 1JBH = 114 Hz)] [δB,calc -0.8 (1JBH = 111 Hz)] (ca. 20 %) and 

[MeN-BMe]3 (ca. 60 %) (Scheme 7b, Figure S38). Not only was the reaction of 1b with 10 

mol% skeletal nickel in THF at 20 °C slower than that for IrH2(POCOP) (24 h), a wider range of 

products was formed, including MeNH=BHMe (ca. 10 %), MeNH=BMe2 (ca. 10 %), [MeNH-

BHMe]2 (ca. 30 %), [MeN-BMe]3 (ca. 20 %) and (MeNH)2BMe (ca. 30 %) (Scheme 7b, Figure 

S39).  

As with the case of [Rh(COD)(μ-Cl]2 as a precatalyst, the reaction of 1c with 5 mol% 

IrH2(POCOP) in THF at 20 °C was complete after 24 h. Moreover, in contrast to the formation 

of an array of products as in the former case, only two products were present by 11B NMR 

spectroscopy; Me2N=BHMe (ca. 60 %) and [Me2N-BHMe]2 (ca. 40 %) (Scheme 8a, Figure 

S40). Similarly, complete consumption of 1c was observed by 11B NMR spectroscopy after 24 h 

with 10 mol% skeletal nickel in THF at 20 °C, with the formation of Me2N=BHMe (ca. 40 %), 

[Me2N-BHMe]2 (ca. 30 %), (Me2N)2BMe (ca. 10 %) and an unassigned product [δB,exp 0.9 (m)] 

(ca. 20 %) (Scheme 8a, Figure S41). 

No reaction was observed for the attempted dehydrogenation of 1d with 5 mol% IrH2(POCOP) 

in THF at 20 °C after 120 h by 11B NMR spectroscopy (Figure S42). In contrast, 1d underwent 

dehydrogenation to yield the aminoborane, iPr2N=BHMe, as the sole product, using 10 mol% 

skeletal nickel in THF at 20 °C, as observed by 11B NMR spectroscopy. Nevertheless, the 

reaction proceeded significantly slower compared to the reaction of 1d with [Rh(COD)(μ-Cl)]2 

as a precatalyst, with 70 % conversion being observed after 210 h (Scheme 8b, Figure S43).  
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2.4. Attempted Dehydropolymerization of 1a and 1b with Skeletal Nickel 

We have previously prepared high molecular weight poly(N-methyl aminoborane), [MeNH-

BH2]n using stoichiometric amounts of skeletal nickel via the dehydropolymerization of 

MeNH2∙BH3.
6a To this end, we explored analogous reactions of 1a and 1b in an attempt to 

prepare the currently unknown B-methylated polyaminoborane, [NHR-BHMe]n (R = H or Me). 

First, 1a was treated with 100 mol% skeletal nickel in THF at 20 °C and the reaction was 

monitored by 11B NMR spectroscopy. After 1 h, ca. 40 % conversion of 1a to borazine [NH-

BMe]3 (ca. 20 %) and (NH2)2BMe (ca. 10 %) was observed and, in addition, a broad peak that 

was tentatively assigned to be oligo/poly(B-methyl aminoborane) [NH2-BHMe]x [δB,exp -7.8 to -

9.1 (br)]35 (ca. 10 %) (Scheme 9a, Figure S44). After allowing the reaction to continue for 24 h, 

both 1a and the tentatively assigned [NH2-BHMe]x were no longer detected, with [NH-BMe]3 

(ca. 90 %) and (NH2)2BMe (ca. 10 %) being the only products observed (Figure S45). These 

results suggest that, if oligo/poly(B-methyl aminoborane) is indeed formed, this material 

undergoes dehydrogenation and depolymerization much more readily than the N-methyl analog, 

[MeNH-BH2]n.
36 

Scheme 9: Attempted dehydropolymerization of (a) 1a and (b) 1b with stoichiometric 

amounts of skeletal nickel in THF at 20 °C.            

 

Next, we explored the analogous reaction of 1b with 100 mol% skeletal nickel in THF at 20 °C. 

After 1 h, 80 % conversion was observed by 11B NMR spectroscopy with the formation of 

MeNH=BHMe (ca. 10 %), [MeNH-BHMe]2 (ca. 20 %) along with unidentified products [δB,exp 
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40.8 (s)] (ca. 10 %), [δB,exp 2.2 (s)] (ca. 10 %), [δB,exp -0.2 (d)] (ca. 20 %) and [δB,exp -2.6 (br)] 

(ca. 10 %) (Scheme 9b, Figure S46). The peaks detected between δB 2.2 to -2.6 ppm were 

tentatively assigned to oligo/poly(B-methyl-N-methyl aminoborane), [MeNH-BHMe]x.
35 After 

24 h, the 11B NMR spectrum indicated that 1b, MeNH=BHMe, [MeNH-BHMe]2 and the 

tentatively assigned oligomeric/polymeric species had been consumed. The only products 

detected were [MeN-BMe]3 (ca. 90 %), MeNH=BMe2 (ca. 5 %) and (MeNH)2BMe (ca. 5 %) 

(Figure S47). Again, it appears that any oligo/poly(B-methyl-N-methyl aminoborane) formed 

readily undergoes further dehydrogenation and depolymerization under the reaction conditions. 

2.5. Hydrogen Transfer Reactions of 1a-1d with iPr2N=BH2 

Following previous work from our group on hydrogen transfer from amine-boranes to N-

diisopropyl aminoborane, iPr2N=BH2,
1i, 1j the ability for B-methylated amine-boranes 1a-1d to 

act as hydrogen donors was investigated. Thus, a stoichiometric amount of iPr2N=BH2, (in THF) 

was added to solid 1a at 20 °C and monitored by 11B NMR spectroscopy. After 10 min., 

complete hydrogenation of iPr2N=BH2 to iPr2NH∙BH3 was observed, along with the formation of 

borazine [NH-BMe]3 and oligo/polyaminoborane [NH2-BHMe]2, 3 or x,
35 products expected from  

dehydrogenation/oligomerization of NH2=BHMe (Scheme 10a, Figure S48). No substantial 

change in the reaction mixture was detected by 11B NMR spectroscopy after 1 h (Figure S49). 

However, each set of 11B and 11B{1H} NMR spectra also showed the presence of several other 

peaks, of which some were not successfully assigned. Nonetheless, one very minor product, 

generally detected at a level corresponding to ca. 1 %, was identified as iPr2N=BHMe [δB,exp 

39.6 (d, 1JBH = 122 Hz)], the major dehydrogenation product formed in the catalytic 

dehydrogenation of 1d with Rh and Ni precatalysts (see section 2.3). The formation of this 

species was surprising as it represents a cross-product where the methyl substituent on boron 

presumably arises from the amine-borane substrate, 1a. Another unexpected product was 

identified as borazine, [NH-BH]3 [δB,exp = 29.4 (d, 1JBH = 141 Hz)] [δB,lit = 30.2 (d, 1JBH = 141 

Hz)].4a 
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Scheme 10: (a) Hydrogen transfer of 1a with iPr2N=BH2 in THF at 20 °C (b) Hydrogen 

transfer of 1a with iPr2N=BH2 in THF at 20 °C in the presence of two equivalents of 

cyclohexene. (Cy = C6H11). 

 

Transient aminoboranes that exist sufficiently long in solution can be trapped through 

hydroboration with cyclohexene to yield, for the case of NH2=BH2, B-dicyclohexyl 

aminoborane, NH2=BCy2 (Cy = C6H11).
1i, 37 To investigate whether hydrogen transfer between 

1a and iPr2N=BH2 occurs via formation of a transient aminoborane, NH2=BHMe, amine-borane 

1a was added to one equivalent of iPr2N=BH2 and two equivalents of cyclohexene in THF at 20 

°C, and the subsequent reaction was monitored by 11B NMR spectroscopy. After 1 h, 

hydrogenation of iPr2N=BH2 to iPr2NH∙BH3 was observed, together with the formation of the 

hydroborated aminoborane species, B-methylcyclohexyl aminoborane, NH2=BMeCy [δB,exp 46.7 

(s)] [δB,calc 49.2] (Scheme 10b, Figure S50). Consistent with these results, the interception of 

NH2=BHMe by cyclohexene almost completely prevents the formation of the oligomer, [NH2-

BHMe]x.  

As with the case of 1a as a hydrogen donor, a stoichiometric amount of iPr2N=BH2 (in THF) was 

added to solid 1b at 20 °C. The reaction was monitored by 11B NMR spectroscopy with 90 % 

hydrogenation of iPr2N=BH2 to iPr2NH∙BH3 detected after 10 min. and subsequent formation of 

MeNH=BHMe, [MeNH-BHMe]2 and (MeNH)2BMe (Scheme 11a, Figure S51). No further 

reaction was detected by 11B NMR spectroscopy after 1 h (Figure S52).  
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Scheme 11: Hydrogen transfer of (a) 1b, (b) 1c and (c) 1d with iPr2N=BH2 in THF at 20 °C. 

 

Similar to the case of the hydrogen transfer reaction between 1a and iPr2N=BH2, trapping of the 

likely transient monomeric aminoborane intermediate, in this instance, MeNH=BHMe, was 

attempted with cyclohexene. Under analogous conditions, 1b was added to one equivalent of 

iPr2N=BH2 and two equivalents of cyclohexene in THF at 20 °C. After 1 h, hydrogenation of 

iPr2N=BH2 to iPr2NH∙BH3 was detected, along with the formation of [MeNH-BHMe]2 and a 

peak at δB,exp 45.4 (s), assigned to MeNH=BMeCy [δB,calc 47.3], as well as minor amounts of 

MeNH=BHMe by 11B NMR spectroscopy (Figure S53). 

Slower hydrogen transfer was detected between 1c and iPr2N=BH2, with 45 % hydrogenation 

after 10 min. in THF at 20 °C by 11B NMR spectroscopy. As well as the formation of 

iPr2NH∙BH3, the dehydrogenated product Me2N=BHMe was also detected (Scheme 11b, Figure 

S54). After 1 h, further hydrogenation (72 %) was observed as well as the appearance of the 

cyclic diborazane, [Me2N-BHMe]2 (Figure S55). In the case of 1c, the presence of cyclohexene 

resulted in no new products corresponding to the trapped aminoborane, Me2N=BMeCy, being 

observed for the reaction of 1c with one equivalent of iPr2N=BH2 and two equivalents of 

cyclohexene in THF at 20 °C after 1 h by 11B NMR spectroscopy (Figure S56).  
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In contrast to the very rapid (1a and 1b) and slower (1c) hydrogen transfer between 1a-1c and 

iPr2N=BH2, no reaction was observed between a stoichiometric amount of iPr2N=BH2 and the 

sterically encumbered B-methylated amine-borane, 1d, in THF at 20 °C after 1 h (Figure S57). 

However, after 24 h, a small amount of hydrogen transfer was detected, as shown by 11B NMR 

spectroscopy with hydrogenation of iPr2N=BH2 to iPr2NH∙BH3 and concomitant 

dehydrogenation of 1d to iPr2N=BHMe (Scheme 11c, Figure S58). The reaction progressed until 

an apparent equilibrium was established1j after 56 days with 95 % hydrogenation of iPr2N=BH2 

(Figure S59). 

3. Discussion 

3.1 Thermally-Induced Redistribution and Dehydrogenation Reactions of 1a-1d 

The B-methylated amine-borane, 1a, was observed to undergo methyl and hydrogen 

redistribution at boron at ambient (20 °C, in toluene) and elevated (70 °C, in toluene and THF) 

temperatures that resulted in the formation of NH3∙BMe3, NH3∙BHMe2 and NH3∙BH3 (See 

Section 2.2, Schemes 4 and 5).  

The redistribution of substituents at boron in three-coordinate boranes is well-known and the 

mechanism has been proposed to occur via a diborane intermediate.38 However, limited research 

has involved studies of analogous four-coordinate boron species,39 with no reports of 

redistribution of alkyl substituents at boron as part of an amine-borane.40 Benton and Miller 

investigated the reaction between two amine-boranes with different halogen substituents at boron 

(selected from Me3N∙BX3 (X = F, Cl, Br, I)) and reported that when the solution was heated at 50 

°C (CH2Cl2), 70 °C (CHCl3) and 100 °C (C6H5Cl) for 6 h, no redistribution was observed.41 

However, when the reaction was heated to 160 °C in the gas phase, redistribution of the halogen 

substituents was noted. In addition, labelling studies where one of the amine-boranes was 10B 

enriched (and the other consisted of natural abundance boron, ca. 80 % 11B, ca. 20 % 10B) 

showed evidence for redistribution of 10B between the amine-borane substrates, suggesting 

redistribution occurred via B-N bond cleavage.  

In a similar manner to that suggested by Benton and Miller for B-halogenated amine-boranes,41 

the redistribution of the methyl and hydrogen substituents at boron for B-methylated amine-

boranes was postulated to arise through dissociation of the B-N bond to yield free amine and 
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borane (Scheme 12, step A). Subsequent dimerization of two electron deficient borane molecules 

would lead to a diborane intermediate (Scheme 12, step B). Redistribution of methyl and 

hydrogen at boron could be rationalized by cleavage and formation of a bond between boron and 

the bridging moiety (Scheme 12, step C). Retrodimerization of a hydrogen-methyl-bridged 

diborane would yield two boranes (Scheme 12, step D) that reassociate with free amine to reform 

two different amine-boranes (Scheme 12, step E). In principle, this process could be repeated to 

yield the full range of possible amine-boranes with different combinations of methyl and 

hydrogen substituents at boron.  

Scheme 12: Postulated mechanism of the methyl-hydrogen exchange reaction of 1a. 

 

This proposed mechanism was probed by DFT calculations as a THF solution with the 

dissociation energy of the B-N bond of 1a calculated to be +70.7 kJmol-1 (Figure 4, step A). The 

diborane, formed from two BH2Me moieties (Figure 4, step B), can either be bridged by two 

hydrogen atoms or a hydrogen atom and a methyl group (+44.0 kJmol-1 relative to the 

dihydrogen-bridged diborane). A dimethyl-bridged diborane was also considered to be a possible 

intermediate but, as expected, the corresponding calculated energy was considerably higher 

(+114.9 kJmol-1), implying that the species is unlikely to be formed during the redistribution 

reaction. The activation energy associated with the interconversion of the dihydrogen-bridged 

and hydrogen-methyl-bridged diborane intermediates, where cleavage of a B-H bridge bond and 

rotation of one BH2Me moiety around the remaining B-H bond occurs to lead to the formation a 

new B-C bridging bond, was calculated to be +112.9 kJmol-1 (Figure 4, step C). The energy for 

the transition state for the retrodimerization of the diborane to two boranes was determined to be 

+66.9 kJmol-1 (Figure 4, step D), with an exergonic reassociation of ammonia with the free 

boranes to form amine-boranes, NH3∙BH3 (-85.9 kJmol-1) and NH3∙BHMe2 (-74.4 kJmol-1) 

(Figure 4, step E).  
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Figure 4: Calculated relative Gibbs free energies G298 (in kJmol-1) for the methyl-hydrogen-

exchange reaction of 1a (Calculations were performed at the M062X/cc-pVTZ level of 

theory; solvent corrections were applied by performing the optimization in a cavity within 

the solvent reaction field using the Polarizable Continuum Model (PCM)42 with parameters 

for THF).25 

Redistribution of methyl and hydrogen substituents at boron was observed for 1a in toluene but 

not in THF at 20 °C. Based on previous observations of oxygen-containing species coordinating 

to the protic hydrogen on nitrogen in amine-boranes and their dehydrocoupling products,29a,
 
43 a 

possible explanation involves stabilization of the amine-borane via hydrogen bonding to the 

donating THF solvent (Scheme 13).  However, DFT calculations determined that 1a∙THF was 

higher in energy than the corresponding dihydrogen-bridged diborane (formed in step B in 

Figure 4) by +19.5 kJmol-1 and similar 11B NMR chemical shifts for 1a in THF (exp = -16.3) 

and toluene (exp = -15.7) suggests that such an effect, if it exists, has only a small effect on the 

B-N bond strength. The B-methylated amine-boranes 1a-1d were also calculated to be slightly 

more stable as a solution in THF than in toluene, by 8.0 – 13.8 kJmol-1 (Table S5).25 As a more 

polar solvent, THF probably provides a solution environment in which the amine-borane with 

polar N-H and B-H bonds is more stable, thereby providing a possible explanation why 

redistribution was not observed for 1a in THF at 20 °C.  
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Scheme 13: Structure of postulated THF stabilized B-methyl amine-borane (1a∙THF). 

 

 

Redistribution of methyl and hydrogen substituents in the B-methylated amine-boranes 1b-1d 

was not detected in toluene at 20 °C after 170 h, but scrambling was observed at 70 °C, with a 

rate for complete consumption of the amine-borane in the order 1b > 1c > 1d (see section 2.2b). 

The electron donating alkyl groups at nitrogen would be expected to strengthen the dative bond 

between the nitrogen and boron, resulting in an increased resistance to dissociation. This was 

supported by DFT calculations for 1b and 1c, where the bond dissociation energies in toluene 

increased from +124.9 kJmol-1 for 1a to +142.9 and +150.5 kJmol-1 for 1b and 1c, respectively 

(Table 4). However, the bond dissociation energy for 1d (+128.7 kJmol-1) was calculated to be 

close to that for 1a. This was not unexpected as the B-N bond length for 1d determined by X-ray 

diffraction was elongated compared to 1a and 1b (Table 2), where the steric effect of the 

isopropyl groups on nitrogen appeared to have a greater influence on the bond distance than their 

electron donating characteristic. The much lower reactivity of 1d towards redistribution despite 

the apparently weaker B-N bond was likely a consequence of the unfavorable formation of the 

redistribution products, iPr2NH∙BHMe2 and iPr2NH∙BMe3, on steric grounds. Indeed, neither 

species were detected on thermolysis at 70 °C after 500 h. Instead, the exclusive formation of 

their dehydrogenated derivatives iPr2N=BMe2 and iPr2N=BHMe was evidenced, together with 

iPr2NH∙BH3 (Figure S27). This suggests that in the case of 1d, the reaction was driven by the 

subsequent dehydrogenation of the initially formed, sterically disfavored redistribution products 

and the very slow amine-borane consumption rate was a likely consequence. 
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Table 4: Amount of time required for complete consumption of B-methylated amine-

boranes 1a-1d in toluene at 70 °C and calculated bond dissociation energy (D0) of 1a-1d 

(Calculations were performed at the M062X/cc-pVTZ level of theory; solvent corrections 

were applied by performing the optimization in a cavity within the solvent reaction field 

using the Polarizable Continuum Model (PCM)42 with parameters for toluene).25 

Amine-borane Time required for complete 

consumption of 1a-1d in toluene at 70 

°C/ h (based on 11B NMR spectroscopy) 

Calculated D0 of  

B-N bond / kJmol-1 

1a 24 +124.9 

1b 48 +142.9 

1c 170 +150.5 

1d 500 +128.7 

 

3.2 Catalytic Dehydrocoupling Reactions of 1a-1d 

The reactivity of the B-methylated amine-boranes 1a-1d with respect to catalytic 

dehydrocoupling/dehydrogenation varied significantly (see section 2.3). As previously noted, 

DFT calculations highlight that the inclusion of a methyl group at boron energetically favors 

dehydrogenation.19 Favorable kinetics were also apparent, with shorter reaction times being 

observed for B-methylated amine-borane dehydrocoupling/dehydrogenation, compared to 

analogous amine-boranes without a methyl group at boron. For example, treatment of 1a with 

2.5 mol % [Rh(COD)(μ-Cl)]2 precatalyst for 1 h in THF led to the release of two equivalents of 

hydrogen to form the borazine [NH-BMe]3 quantitatively at ambient temperature by 11B NMR 

spectroscopy. In comparison, the catalytic dehydrocoupling of MeNH2∙BH3 with the same 

precatalyst yielded N-trimethyl borazine, [MeN-BH]3, but elevated temperatures (45 °C) and an 

extended reaction time (ca. 48 - 84 h) were required.4a  

We have previously reported that IrH2(POCOP) functions as an efficient dehydropolymerization 

catalyst for MeNH2∙BH3 to form high molecular weight poly(N-methyl aminoborane), [MeNH-

BH2]n, in THF at 20 °C within 20 min..2d,5c However, treatment of 1a and 1b with 5 mol% 

IrH2(POCOP) resulted in two equivalents of hydrogen being released to yield borazine products, 

[RN-BMe]3 (R = H, Me). No reaction was observed for 1d with a catalytic amount of the iridium 
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complex, which is presumably the result of both the precatalyst and substrate being too sterically 

encumbered for a catalytic reaction to take place. Successful dehydrocoupling was observed for 

1c in THF at 20 °C within 24 h, a surprising result in comparison to the analogous amine-borane 

without a methyl substituent at boron, Me2NH∙BH3, which was reported to undergo very slow 

catalytic dehydrocoupling, with less than one equivalent of hydrogen being released after 48 h in 

THF at 25 °C.5b Similar to the case of [Rh(COD)(μ-Cl)]2 as a precatalyst, the increased reactivity 

of IrH2(POCOP) towards B-methylated amine-boranes 1a-1c compared to the N-methyl 

analogues was postulated to be due to the favorable dehydrocoupling/dehydrogenation kinetics 

and thermodynamics arising from the presence of the electron donating methyl group at boron. 

The use of catalytic amounts of skeletal nickel resulted in successful dehydrocoupling of all the 

B-methylated amine-boranes 1a-1d but with reduced selectivity. Since 1d only reached ca. 70 % 

conversion after 120 h, poisoning of the nickel surface was postulated to occur before complete 

conversion of 1d to iPr2N=BHMe was achieved. The poisoning of heterogeneous catalysts by 

species with B-H bonds has been demonstrated by our group in the case of Rh colloids.44 Based 

on the previous results, boranes arising from dissociation of the B-methylated amine-borane 

adducts likely lead to hydrogen gas release and concomitantly form a boron-containing layer on 

the nickel surface, rendering the catalyst inactive.  

3.3 Attempted Dehydropolymerization of 1a and 1b with Skeletal Nickel  

Our group have previously reported the reaction of MeNH2∙BH3 with a stoichiometric amount of 

skeletal nickel, whereby after 2 h in THF at 20 °C, high molecular weight poly(N-methyl 

aminoborane) was isolated with 60 % yield.6a With the aim of isolating the first high molecular 

weight polyaminoborane with non-hydrogen substituents at boron, the amine-boranes 1a and 1b 

were therefore also treated with a stoichiometric amount of skeletal nickel in THF at 20 °C. In 

the case of 1a, partial consumption of the amine-borane after 1 h was detected, together with the 

presence of the tentatively assigned oligomer/polymer, [NH2-BHMe]x, observed as a broad peak 

between -7.8 and -9.1 ppm by 11B NMR spectroscopy. However, after 24 h, both the tentatively 

assigned oligomer/polymer and the B-methylated amine-borane were no longer detectable and 

the final products were borazine, [NH-BMe]3, and bis(amino)borane (NH2)2BMe. A similar 

observation was noted for the reaction of 1b with 100 mol% skeletal nickel in THF at 20 °C. The 

methyl group at boron presumably increases the hydridic nature of the hydrogen cosubstituents 
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at boron, favoring further dehydrogenation of oligo/poly(B-methyl aminoborane) to borazine. 

Thus the oligomer/polymer was only observed as an intermediate before undergoing further 

dehydrocoupling to the more thermodynamically favorable borazine.  

3.4 Hydrogen Transfer Reactions of 1a-1d with iPr2N=BH2 

Hydrogen transfer was detected between B-methylated amine-boranes 1a-1d and iPr2N=BH2 in 

THF at 20 °C, although the reaction progressed dramatically slower in the case of 1d. To 

compare the hydrogen donating ability of 1a-1c to amine-boranes without a methyl group at 

boron, the percentage hydrogenation of iPr2N=BH2 to iPr2NH∙BH3 was determined after 10 min. 

and 1 h by relative integration in the 11B NMR spectra (Table 5).1j, 45 After 10 min., at least 90 % 

hydrogenation of iPr2N=BH2 to iPr2NH∙BH3 was detected using 1a and 1b as hydrogen donors. 

For amine-boranes without a methyl group at boron, the percentage hydrogenation decreased 

significantly from 89 % (for NH3∙BH3) to 4 % (for Me2NH∙BH3) after 10 min.. In comparison, 

analogous amine-boranes with a methyl group at boron, larger values and a less substantial 

decrease were observed from 100 % (for 1a) to 45 % (for 1c).   
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Table 5: Comparison of percentage hydrogenation of iPr2N=BH2 to iPr2NH∙BH3 using 

hydrogen donating amine-boranes, 1a-1c and RR′NH∙BH3 (R, R′ = H, Me) in THF at 20 

°C. (Calculations performed at the M062X/cc-pVTZ level of theory; solvent corrections 

were applied by performing the optimization in a cavity within the solvent reaction field 

using the Polarizable Continuum Model (PCM)42 with parameters for THF).25 

Amine-borane Hydrogenation of 

iPr2N=BH2 / % 45 

ΔG‡ a 

/ kJmol-1 

ΔG298 b 

/ kJmol-1 

Reference 

After  

10 min. 

After 

1 h 

NH3∙BH3 89 98 - - 45 

1a 100 100 +64.7 -23.6 This work 

MeNH2∙BH3 56 91 - - 45 

1b 90 92 +74.1 -20.0 This work 

Me2NH∙BH3 4 16 +86.9 +9.1 1j 

1c 45 72 +76.0 -14.7 This work 

 

a Activation energy of hydrogen transfer  

b Gibbs free energy of hydrogen transfer  

Although 1d undergoes hydrogen transfer with iPr2N=BH2 at a markedly slower rate than for 1a-

1c, subsequent reactivity of the resulting aminoborane iPr2N=BHMe was not observed, with only 

this species and iPr2NH∙BH3 being detected as products by 11B NMR spectroscopy (Scheme 

11c). This system reached an apparent equilibrium after 56 days with the percentage 

hydrogenation of iPr2N=BH2 determined to be ca. 95 %. Interestingly, although this equilibrium 

required a significantly longer time to establish, the percentage hydrogenation was substantially 

greater when compared to that for the reaction of Me2NH∙BH3 with iPr2N=BH2 (54 %), which 

required 18 h in THF at 20 °C.1i, 1j This suggests that although the sterically encumbered nature 

of 1d results in a slow reaction, the favourable thermodynamics enables the reaction to reach 

near completion.  
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The increased hydrogen donating ability observed for 1a-1d towards iPr2N=BH2 is presumably a 

consequence of the presence of the electron donating methyl group at boron. The enhanced 

hydridic character of the hydrogen substituents at boron would be expected to lead to faster 

dehydrogenation reactions. The hydrogen transfer from 1a-1d also appears to be 

thermodynamically more favourable, which is in agreement with the previous work by Dixon 

and co-workers where dehydrogenation was calculated to be more exergonic as the number of 

methyl substituents at boron increased.19  

 

To further probe the mechanism of hydrogen transfer, DFT studies were conducted for 1a-1c 

with iPr2N=BH2 (Figure 5, S65 and S66).25 In each case, a concerted mechanism with a 

transition state of a six-membered ring was determined, indicating that both hydrogen atoms 

were transferred in the same step. An analogous transition state was identified for the hydrogen 

transfer reaction of Me2NH∙BH3 with iPr2N=BH2.
1j  

 

 

Figure 5: Calculated relative Gibbs free energies G298 (in kJmol-1) for the hydrogen 

transfer reaction of 1a with iPr2N=BH2 (Calculations performed at the M06-2X/cc-pVTZ 

level of theory; solvent corrections were applied by performing the optimization in a cavity 

within the solvent reaction field using the Polarizable Continuum Model (PCM)42 with 

parameters for THF.25 All hydrogen atoms bonded to carbon were omitted for clarity). 

In our previously investigated reaction of Me2NH∙BH3 with iPr2N=BH2, the activation energy 

associated with the formation of the six-membered cyclic transition state was found to be +86.9 

kJmol-1,46 which was higher than that calculated for 1a-1c (+64.7 to +76.0 kJmol-1) (Table 5). 
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Hydrogen transfer from Me2NH∙BH3 to iPr2N=BH2 was reported to be slightly endergonic (+9.1 

kJmol-1), in contrast to the Gibbs free energies determined for 1a-1c, which were exergonic (-

14.7 to -23.6 kJmol-1). Prior and subsequent to the formation of the cyclic transition state, 

encounter complexes were located, which were attributed to the presence of the cyclic hydrogen 

bonding. Although these complexes were determined to be slightly endergonic compared to 

initial and final products, the activation energy was effectively reduced, further favoring the 

hydrogen transfer reaction. This shows that both kinetically and thermodynamically, B-

methylated amine-boranes 1a-1c have an improved ability to function as hydrogen donors 

towards the aminoborane iPr2N=BH2 than Me2NH∙BH3. 

 

The hydrogen transfer reaction of 1a with iPr2N=BH2 resulted in the detection of very small 

quantities of the unexpected product, iPr2N=BHMe, with substituents apparently derived from 

each of the reactants. In addition, the borazine [NH-BH]3, with no methyl groups at boron, was 

also formed as another surprising product. The mechanism of formation for these species is 

unclear,47 and is the subject of ongoing studies. 

4. Summary  

Detailed studies of the reactivity of a series of B-methylated amine-boranes with different 

substituents (H, Me, iPr) at nitrogen have revealed a range of interesting, unexpected, complex, 

and potentially useful chemistry. Firstly, redistribution of methyl and hydrogen substituents at 

boron was observed in solution at ambient and elevated temperatures. This was proposed to arise 

from dissociation of the amine-borane adduct with subsequent redistribution of the substituents 

in the borane via formation of a diborane intermediate. To our knowledge, this represents the 

first demonstration of redistribution reactions at a four-coordinate boron center under mild 

conditions. 

Rapid dehydrocoupling of B-methylated amine-boranes with Rh(I), Ir(III) and Ni(0) precatalysts 

was detected to yield a variety of products including aminoboranes, cyclic diborazanes and 

borazines, based on in situ 11B NMR spectroscopy with peak assignments supported by DFT 

calculations. In comparison to the well-studied catalytic dehydrocoupling of N-methylated 

amine-boranes, faster dehydrocoupling/dehydrogenation reactions were observed for the B-
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methylated analogs. This is suggested to be a consequence of the increased hydridic nature of the 

hydrogen atoms at boron induced by the electron donating methyl group. 

Attempts to synthesize high molecular weight polyaminoboranes with a methyl substituent at 

boron were made via catalytic dehydropolymerization of 1a and 1b. However, any oligomeric or 

polymeric B-methylated species that formed under the reaction conditions appeared to readily 

undergo further dehydrogenation to yield mainly the B-methylated borazine, [RN-BMe]3 (R = H, 

Me). We are continuing our efforts in this area with the aim to increase the yield of poly(B-

methyl aminoborane) and other analogous materials under conditions where further 

dehydrocoupling is absent.  

Very rapid hydrogenation of iPr2N=BH2 to iPr2NH∙BH3 was observed for the B-methylated 

amine-borane, 1a, with complete hydrogen transfer observed after 10 min. in THF at 20 °C, with 

very good hydrogenation rates also observed for 1b and 1c. The hydrogen donating ability of B-

methylated amine-boranes was significantly increased compared to amine-boranes without a 

methyl group at boron. DFT calculations revealed that the pathway for hydrogen transfer 

occurred via a cyclic six-membered transition state. In addition, the reaction was determined to 

be exergonic with a lower activation energy barrier than for our previous model using 

Me2NH∙BH3 as the hydrogen donor. These results show that both kinetically and 

thermodynamically, B-methylated amine-boranes 1a-1c have an improved hydrogen donating 

ability towards the aminoborane iPr2N=BH2 than the previously investigated amine-borane, 

Me2NH∙BH3. Our ongoing studies focus on transfer hydrogenations involving B-methylated 

amine-boranes with unsaturated organic substrates. 
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