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43 bd du 11 Novembre 1918, F-69622 Villeurbanne Cedex, France. E-mail: miele@univ-lyon1.fr 

Abstract. The B-alkylaminosubstituted borazines (NEt2)3B3N3H3 (1), (ΝΕ12)2(ΝΗΡ0Β3Ν3Η3 (2), 
(NEt2)(NHPr')2B3N3H3 (3) and (NMe2)(NHMe)2B3N3l-l3 (4) have been prepared and characterized 
by spectroscopic techniques. Their thermolyses at moderate temperature have been 
investigated in order to elucidate the effects of the nature of the B-alkylamino substituents on 
the resulting polyborazines backbone. Early stages of the degradations were accompanied 
by the elimination of primary and secondary amines for (2), (3) and (4). On the basis of 13C 
NMR data, oligomerizations have been shown to occur mainly via the formation of direct 
inter-ring B-N bonds rather than classical deamination with formation of -N(R)- br idges 
between borazine rings. This phenomenon should be related to the presence of dialkylamino 
substituents on the boron atoms. 

Boron- and nitrogen-containing polymers are of well-known interest for the preparation 
of boron nitride complex forms [1], For example, BN matrices, coat ings, f ibres and 
composi tes were prepared by the polycondensation of borazinic molecular precursors 
subsequent ly fo l lowed by an appropr iate thermal t reatment [2]. The in termedia te 
polyborazinic polymers display several structures including amino-bridged rings [3], l inked-
rings and fused rings [4] frameworks. The condensation reactions can be promoted by either 
the action of a reagent such as silazane [5] or ammonia [6] or by thermolysis of the 
monomers. Bulk thermal polymerization studies of B-tri(alkylamino)borazines [(RHN)BN(H)]3 

are relatively rare and lead to different conclusions. Kimura et al. reported that the thermal 
condensation of B-tr i(methylamino)borazine yields a polymer in which borazine rings are 
linked through -NMe- bridges [7], By contrast, Paciorek et al. found that direct B-N bonding 
between the rings is the predominant path in the early stages of the thermolysis of B-
tr i(anil ino)borazine although some amino bridges were also formed [8]. As discussed by 
Paine and Sneddon [1], varying the nature of the substituent groups of the borazine can 
modify the structure of the polyborazines. However, the synthesis and characterizat ion of 
unsymmetrical ly B-trisubstituted alkylaminoborazines have not been reported. One of the 
aims of our work was the determination of the dependence of the structure of the derived 
oligomers on B-mono- or di-alkylamino substitution of the borazine. Thus, we have explored 
bulk polycondensation reactions at moderate temperature of unsymmetrically B-trisubstituted 
a lky laminoborazines. Herein, we report prel iminary results of the o l igomer izat ion of 
(NEt2)3B3N3H3 (1), (NEt2)2(NHPr')B3N3H3 (2), (NEt2)(NHPr')2B3N3H3 (3) and (NMe2)(NHMe)2B3N3H3 (4). 
These compounds were heated under vacuum for 20 h at 140-145 °C whereas the evolved 
gas were continuously trapped at low temperature. In these cases, no NH3 liberation has 
been observed during thermolysis that excludes any ring opening mechanism described by 
Paciorek et al. [8] and Toeniskoetter and Hall [9]. Spectroscopic data are consistent with the 
presence of borazine rings in the oligomers. Their FTIR spectra display B-N ring vibrations 
near 1500 and 700 cm" showing that the borazine rings remain unaffected during the 
thermolysis [10]. Because 11B chemical shifts are slightly dependent of the type of alkylamino 
substitution, the inequivalent boron environments in the monomers are not resolved and give 
one resonance around 25 ppm, consistently with data reported for B-tri(alkylamino)borazines 
[11,12], For the same reason, 11B NMR spectra of the four ol igomers exhibit only one 
resonance around 25 ppm, the broadening of which can be related to the oligomeric nature 
of these species. This pattern is also observed on 1H NMR spectra and the result ing 
overlapping of the signals limits integration ratio determination. On the other hand, 13C NMR 
appeared as a more reliable spectroscopic technique for the understanding of the path 
leading to the oligomers. 

The thermal reactivity of (NEt2)3B3N3H3 (1) has been previously described by Gerrard et 
al. [13], In accordance with their findings, diethylamine was evolved and characterized by its 
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FTIR and 1H NMR spectra showing that (1) oligomerizes via the formation of direct B-N bonds 
between two borazine rings (Fig. 1). 
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Fig. 1: Mechanism for thermal oligomerization of borazine (1) 

As expected and considering the reactivity of borazine N-H hydrogen atoms demonstrated 
above, thermal polycondensation of compounds (2), (3) and (4) may proceed according to 
the two mechanisms depicted on Figure 2, previously proposed by Paciorek et al. for B-
tri(anilino)borazine [8]: (a) formation of -N(R)- bridges; (b) formation of direct B-N bonds 
between two rings. 
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Fig. 2: Possible mechanisms for thermal oligomerization of borazines (2), (3) and (4). 

(2): R, = Pr'; R2 = R3 = R< = R5 = Et 
(4): R, = R2 = R4 = R5 = Me; R3 = Η 

Concerning the thermolysis of (NEt2)2(NHPr')B3N3H3 (2) and (NEt2)(NHPr')2B3N3H3 (3), the 
species evolved were identified as Pr'NH2 and Et2NH, the latter being by far the major amine 
eliminated despite the 1:2 or 2:1 ratio in the monomer. This phenomenon can be related to 
the ease of displacement of secondary amine compared to primary amine [15] but can be 
produced by either the two possible mechanisms (Fig. 2). 1H NMR spectrum of the oligomer 
obtained from (2) is complex and displays overlapping resonances but shows as expected a 
major doublet for the CH3 of NPr' groups and a small triplet for the ChU of NEt2 groups. The 13C 
NMR spectrum displays a single set of -NEt2 and -NPr' resonances. The presence of one type 
of -NEt2 groups, always in terminal position, was expected whatever the mechanism (a) or (b). 
The isopropyl CH and CH3, respectively at 42.2 and 26.8 ppm are characteristic of amino 
-NHPr1 groups according to data reported for B-tri(isopropylamino)borazine [12] whereas other 
resonances which might be ascribed to -NPr'- bridges, namely around 46 ppm for CH and 25 
ppm for CH3, are absent. For these assignments, we used results of a current parallel study 
involving the formation of -N(R)- bridges between borazine rings [14], Therefore, it appears 
that the oligomerization of (NEt2)2(NHPr')B3N3H3 (2) proceeds mainly via the formation of B-N 
l inked borazine rings (mechanism a). Concerning the ol igomer der ived from 
(NEt2)(NHPr')2B3N3H3 (3), both 1H and 13C spectra are nearly the same as those of the oligomer 
derived from (2). The only noticeable difference in the case of (3) is that the signals 
characteristic of -NEt2 groups are negligible showing that almost complete substitution of 
diethylamino groups took place during oligomerization. This observation is consistent with 
the amount of amines collected and with the lower ratio of -NEt2 groups in (3) compared to 
(2). Thus we concluded that the thermolysis of (3) follows the same path as for (2), giving a 
polyborazine containing direct B-N bonds between the rings. 

Likewise, the oligomerization of (NMe2)(NHMe)2B3N3H3 (4) yielded the expected mixture 
MeNH 2 - Me2NH (major product). The 1H NMR spectrum of the oligomer is complex but 
showed resonances characteristic of borazine rings, amino groups and different methylic 
hydrogen atoms. The 13C spectrum is consistent with the results deduced from borazines (2) 
and (3) thermolysis. It displays two resonances at 27.58 and 37.01 ppm respectively assigned 
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to methyl carbon atoms of -NHMe and -NMe2 groups in accordance with the shifts observed 
for the monomer (4) whereas the resonance of -NMe- bridge should appear at 31 ppm [14], 
Consequent ly , no signals could be attr ibuted to bridging -NMe- groups showing that borazine 
rings are bonded through direct B-N links (mechanism a). As otherwise stated, Kimura et al. 
[7] repor ted that thermolys is of t r i (methy lamino)boraz ine (MAB) at a s imi lar t empera tu re 
leads to a po lyboraz ine in wh ich the rings are bonded th rough -NMe- br idges. Thus, it 
appears that the substitution of one -NHMe for one -NMe2 group on MAB results in direct B-N 
link establ ishment. 

The rma l o l igomer iza t ion of the four boraz ines was assoc ia ted wi th pr imary and 
secondary amine liberation, the latter being always the major species evolved. A l though the 
st ructures of the ult imate polymers are probably complex and cross- l inked, the process of 
direct B-N link establ ishment occurs when the borazine boron a toms bear mono- and di-
a lky lamino groups. These conclusions, consistently with those of Paciorek et al. stated above 
[8], are a crucial point for the choice of the polymerizat ion process and for the identi f icat ion 
of the most sui table boraz ines for preceramic po lymer e laborat ion. In this under tak ing , 
further works are in progress to determine the molecular we ights of the o l igomers and the 
inf luence of others thermolysis condit ions on the structure of the obta ined polyborazines. 

Materials and methods 
All exper imen ts were per formed under a tmosphere of pure argon and anhyd rous 

condi t ions using s tandard vacuum- l ine and Schlenk techn iques wi th so lvents pur i f ied by 
standard methods. 11B, 1H, 13C NMR spectra were recorded on a Bruker AM300 spect rometer 
at 96.28 MHz with Et2O.BF3 as an external reference (posit ive values downfield), at 300 MHz 
and 75 MHz, respectively. The infrared spectra were obta ined on an FTIR Nicolet Magna 
550 spectrometer as KBr pellets. Analyt ical data and Mass Spectra (E.I.) were obtained f rom 
the S C.A. of the C.N.R.S. 
Synthesis and characterisations of borazines 

The B-tr isubstituted borazines [(NR2)BNH]3 and [ ( N R H ^ N R ' ^ B a N g H a ] were synthesised 
fo l l ow ing p rocedu res s imi lar to those prev ious ly desc r i bed in the l i te ra ture for B-
tr i (a lkylamino)borazines [13]. In a typical experiment, t r iethylamine (120 mmol) was added to 
a solut ion of 2,4,6-tr ichloroborazine (TCB) (38 mmol) in to luene (130 ml). A solut ion of the 
required s to ich iometr ic amount of d ie thy lamine or d imethy lamine in to luene (10 ml) w a s 
d ropped into the TCB solut ion. The mixture was stirred for 24 h at 25°C. Then, for the 
syn these s of (2) , (3) and (4) , a so lu t ion of the requ i red s to i ch iomet r i c a m o u n t of 
isopropylamine or methylamine in to luene (10 ml) was added to the mixture. After 24 h, the 
residue was fi l tered off and vacuum dried. The filtrate was evaporated yielding a waxy whi te 
sol id or a wh i te powder charac te r i zed as mainly the expec ted boraz ine . A t t e m p t e d 
subl imat ion or recrystal l isat ion of the borazines was unsuccessfu l . As isolated f rom the 
reac t ions , the c o m p o u n d s gave ana l yses c o r r e s p o n d i n g c lose ly to the c a l c u l a t ed 
composi t ions and according to their NMR and mass spectra, the four compounds recovered 
were identi f ied as the expected borazines containing traces of symmetr ica l ly t r isubst i tuted 
borazines and solvent. Hence, the compounds appeared to be in a satisfactory state of purity 
to be used in the subsequent pyrolyses without further purif ication. Yie lds are calculated on 
the we ights of t r iethylamine hydrochlor ide. 
(NEt2)3B3N3H3 (1). Yield 7.88g, 95%. Anal. Found: C, 48.2; H, 11.1; B, 10.9; N. 29.8. Calc. For 
C1 2H3 3B3N6: C, 49.1; H, 11.3; B, 11.0; N, 28.6. NMR (<5, ppm): 11B (C6D6): 25.4. Ή (CDCI3): 1.05 
(t, CH3, 18H); 2.91 (q, CH2, 12H); 3.22 (s, NH, 3H). 13C (CDCI3): 16.1 (CH3); 41.5 (CH2). IR (cm*1): 
3455 (VNH); 2964, 2925. 2869 (VCH); 1498 (VBN + 5CH); 700-685 (BN ring def.). MS (m/z, El): 294 
[1]+ (30%); 279 [1-CH3] (100%). 
(NEt 2 ) 2 (NHPr ' )B 3 N 3 H 3 (2). Yield 10.56g, 98%. Anal. Found: C, 48.5; H, 12.1; B, 10.3; N, 29.1. 
Calc. For C1 1H3 1B3NS: C, 47.2; H, 11.1; B, 11.6; N, 30.1. NMR (δ, ppm): 11B (C6D6): 25.4. 1H 
(CDCI3): 1.07 (m, ChU (Et + Pr'), 18H); 1.82 (m, NH amino, 1H); 2.78 (m, NH boraz., 3H); 2.92 
(q, CH, , 8H); 3.23 (m, CH, 1H). 13C (CDCI3): 16.5 (CH3 (Et)); 27.0 (CH3 (Pr1)); 41.8 (CH2); 43.0 
(CH). IR (cm"1): 3420 (vNH); 2965, 2926. 2869 (VCH); 1511 (VBN + 6CH); 698-684 (BN ring def.). 
MS (m/z, El): 279 [2]+ (15%); 236 [2-Pr1] (100%). 
(NEt 2 ) (NHPr ' ) 2 B 3 N 3 H 3 (3). Yield 10.15g, 95%. Anal. Found: C, 45.4; H, 9.7; B, 13.2; N, 31.7. 
Calc. For C1 0H2 9B3N6: C, 45.2; H, 10.9; B, 12.2; N, 31.7. NMR (<5, ppm): 11B (C6D6): 25.5. 1H 
(CDCI3): 1.06 (m, CH3 (Et + Pr'), 18H); 1.79 (d, NH amino, 2H); 2.70 (m, NH boraz., 3H); 2.89 
(q, CH, , 4H); 3.18 (m, CH, 2H). 13C (CDCI3): 16.4 (CH3 (Et)); 26.9 (CH3 (Pr1)); 41.7 (CH2); 42.3 
(CH). IR(cm"1): 3413 (vNH); 2961, 2925, 2867 (vCH); 1510 (VBN + 5C H) ; 697-686 (BN ring def.). 
MS (m/z, El): 265 [3]+ (20%); 236 [3-C2H5]+ (100%). 
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(NMe2)(NMeH)2B3N3H3 (4). Yield 12.11g, 96%. Anal. Found: C, 27.6; H, 9.3; B, 16.9; N, 46.2. 
Calc. For C4H17B3N6: C, 26.4; H, 9.4; B, 17.9; N, 46.3. NMR (δ, ppm): 11B (C6D6): 25.6. 1H 
(CD2CI2) 1.87 (s, NH amino, 2H); 2.57 (d,  NHCH3, 6H); 2.61 (s, I^CHa);,, 6H); 2.86 (m, NH 
boraz., 3H). 13C (CD2CI2): 27.6 (NHCH3); 37.1 (N(CH3)2). IR(cm"1): 3446 (vN„); 2934, 2887, 2815 
(VC H) ; 1510 (V B N + 5 c h ) ; 708 (BN ring def.). MS (m/z, El): 181 [4 f (30%); 166 [4-CH3]+ (100%). 

Synthesis and characterisations of polyborazines 
The borazines were heated under vacuum at 140°C with a mechanical stirring. The 

volatiles were trapped in liquid nitrogen. Then, the amine ratios were analysed either 
directly or after transformation into their hydrochloride salts. At least, all the oligomers were 
solid compounds at room temperature and soluble in CH2CI2. 
Oligomer obtained from (NEt2)3B3N3H3 (1). NMR (δ, ppm): ^ B (C6D6): 25.3. 1H (CD2CI2): 1.06 (m, 
CHj); 2.61 (m, CH2); 2.89 (s, NH). IR (cm"1): 3452 (vNH); 2966, 2927, 2870 (vCH); 1506 (VBN + 
6c h ) ; 701 (BN ring def.). The volatile obtained during oligomerization was characterized as 
Et2NH. 
Oligomer obtained from (NEt2)2(NHPr')B3N3H3 (2). NMR (<5, ppm): 11B (C6D6): 25.3. 1H (CD2CI2): 
1.05 (m, CHj (Et + Pr')); 1.85 (s, NH amino); 2.81 (m, NH boraz.); 2.91 (m, CtU); 3.22 (m, CH). 
13C (CD2CI2): 16.2 (CH3 (Et)); 26.7 (CH3 (Pr1)); 41.6 (CH2); 42.3 (CH). IR (cm'1): 3440 (VNH); 2964, 
2924, 2868 (vCH); 1490 (vBN + 6CH); 695-685 (BN ring def.). The volatiles obtained during 
oligomerization were characterized as Et2NH (95% molar) and NH,Pr' (5% molar). 
Oligomer obtained from (NEt2)(NHPr')2B3N3H3 (3). NMR (δ, ppm): 11B (C6D6): 24.9. 1H (CD2CI2): 
1.07 (d, CH3 (Pr')); 1.80 (s, NH amino); 2.71 (m, NH boraz ); 3.17 (m, CH). 13C (CD2CI2): 26.8 
(CH3 (Pr1)); 42.2 (CH). IR (cm'7): 3420 (VNH); 2970, 2924, 2867 (vCH); 1506 (VBN + 6CH); 705 (BN 
ring def.). The volatiles obtained during oligomerization were characterized as Et2NH (80% 
molar) and  ΝΗ2ΡΓ

! (20% molar). 
Oligomer obtained from (NMe2)(NMeH)2B3N3H3 (4). NMR (δ, ppm): 11B (C6D6): 25.8. 1H (CD2CI2): 
1.79 (s, NH amino); 2.57 (m,  NHCH3), 2.60 (m, N(CtU2), 2.95 (m, NH boraz.). 13C (CD,CI2): 27.6 
(NHCH3); 37.0 (N(CH3)2). IR ( c m ' T 3460 (VNH); 2976, 2896, 2840 (VCH); 1505 (VBN + öCH); 729-
716 (BN ring def.). The volatiles obtained during oligomerization were characterized as 
Me2NH (80%) and MeNH2 (20%). 
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