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The transamination reactions between Ti(NMe,), and 1,3,4,5,6-pentamethyl-2-aminobor-
azine, (Me);N3(Me),B3(NH,), and diphenylamine (Ph,NH) and between [Zr(NMe,)4], and
1,3,4,5,6-pentamethyl-2-aminoborazine, aniline (PhNH,) and diphenylamine have been
studied and the molecular product species have been isolated, spectroscopically characterized
and single crystal X-ray structure analyses completed. The results of these studies have been
used to interpret the outcome of reactions of Ti(NMe,), and Zr(NMe,), with borazinylamine
preceramic polymers that, upon pyrolysis, produce TiN/BN, ZrN/BN and ZrH(¢N/BN

composite powders.
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1. INTRODUCTION

A large variety of inorganic polymers have been
employed as precursor reagents for the formation of
binary non-oxide e.g., boride, carbide, nitride and
silicide, ceramic compositions [1, 2]. The organic
polymer-like processibility of these preceramic poly-
mers makes it possible to obtain the ceramic materials
in technologically useful forms including near-net
shape bodies, fibers, coatings, xerogels and aerogels
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[1-6]. In recent years, with the discovery of increas-
ingly complex polymer compositions, it has also
become possible to access ternary and quanternary
ceramic compositions with near continuous combin-
ing ratios. This allows for considerable flexibility in
achieving finished ceramic materials with designed
performance properties.

Prior work from our group has shown that
poly(borazinylamines) are readily formed in solution
reactions of appropriate borazine monomers with
disilazane reagents [7-18]. Depending upon the
specific borazine monomer, the disilazane coupling
agent and the polymer processing steps employed,
numerous preceramic polymers are obtained with a
range of chemical reactivities built into the structures.
Generalized structures for so-called three-point (1)
and two-point (2) polymer structures are shown here.
In 1, the borazine monomer rings are coupled via
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amino bridge bonds at each boron atom, while in 2
ring coupling occurs through only two of the three
boron atoms. The third boron atom carries a terminal
group e.g. H, CHj;, (CH;),N, NH,, that does not
couple with another ring, but instead introduces a
point for reactivity in the polymer. Pyrolysis of the
resulting poly(borazinylamines) with X =Y =
Z =H or X =NH,, Y =Z = H, for example,
gives good yields of turbostratic (t-BN) or hexagonal
(h-BN) boron nitride powders, coatings, fibers, aero-
gels, aerosols and xerogels [7—18]. Furthermore, the
latent reactivity in the B-X bonds in the two-point
polymers offer potential for the use of these as
reagents for the formation of ternary or composite
ceramic compositions.

Traditionally, ceramic composites have been
prepared by simple physical blending of micron-sized
component particles followed by standard powder
processing appropriate for a target finished product.
However, as performance demands on finished prod-
ucts have increased, this approach in many examples
has proven unsatisfactory. Seeking improved perfor-
mance, manufacturers attempted to use fine-grain,
sub-micron powders and traditional powder blending
or newer ball milling methods for the formulation of
high performance composites. These methods have
provided improvements in product fracture tough-
ness, mechanical strength, thermal shock resistance
and microstructure stability. Unfortunately, in many
cases, it has proven difficult to routinely obtain and
handle pure, crystalline, fine-grained powders and,
where available, they often present difficult powder
processing obstacles to composite formation. Prece-
ramic polymers and polymer processing methods
offer unique strengths for formation of ceramic
composites and some recent advances have been
reviewed [19].

In the intervening 12 years since that review,
interest in nano-scale composite materials has
emerged and reactive polymers such as 2 should
provide useful entry points where metal functional-
ization chemistry with B-X, N-Y or N-Z bonds can
be achieved. For example, it is well known that
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homoleptic molecular transition metal amides,
M(NR,),, containing sterically small R groups, read-
ily undergo transamination/deamination chemistry
with formation of new metal amides, imides or mixed
amide—imides [20-25]. Pertinent to our study, Bradley
and Thomas [26] observed that Ti(NMe,); and
Zr(NMe,), (or probably [Zr(NMe,)s]» [27] readily
undergo transamination with secondary amines,
R,NH, giving mixed dialkylamides. For example,
smaller secondary amines gave Ti(NMe,)(NR,);
(R = Et, Pr, '‘Bu) while more bulky examples gave
Ti(NMe,); (NR,) (R = 'Pr, 2,6-dimethylpiperidino
(TMP)). Similar products were obtained from
Zr(NMe,)4. Primary amines, RNH,, with moderately
bulky R groups (R = "Pr, 'Pr, ‘Bu, *Bu, Ph) produced
insoluble solids that likely have polymeric structures,
[Ti(NR)], and [Zr(NR)(NHR),],. With '‘BuNH,,
dimeric compounds [(Me,N),Ti(n-N'Bu)], and
[(Me,N), Zr(u-N'Bu)], have been isolated and struc-
turally characterized by X-ray diffraction [28, 29].

Transamination chemistry has also been
employed for the conversion of Ti(NMe,); and
Zr(NMe,), to TiN and ZrN by reactions with liquid
ammonia [30, 31]. For example, Brown and Maya [30]
reported that treatment of Ti(NMe,), and Zr(NEt,),
with liquid NH; rapidly produced N(H)Me, and
N(H)Et,, respectively and insoluble solids with pro-
posed compositions Ti;(NMe,)>(NH,)>(N); and
Zrs(NEt,)(NH,)3(NH)s(N), based upon elemental
analysis data. Vacuum pyrolyses and thermally pro-
gramed pyrolyses of the solids revealed formation of
N(H)Me, or N(H)Et, and NHj; in the temperature
range (200400°C) and the pyrolysis residues were
identified as TiN and ZrN with varying degrees of
carbon incorporation depending on pyrolysis condi-
tions. It was suggested that the conversions of the
molecular amides and the solid state ammonolysis
precursor both involved transamination chemistry by
NH; as well as deamination of M—NH, groups to
intermediate imido, M—NH, groups followed by
nitride formation. These results have guided numerous
chemical vapor deposition (CVD) studies of the
M(NMe,)4/NHj3 systems [32-37].

This observed reaction chemistry suggests that
transamination/deamination  reactions  between
Ti(NMe,), and [Zr(NMe,),4], with a primary amino
derivative of 2 (X = NH,, Y = Z = H) might
provide access to metallated preceramic polymers
suitable for the formation of TiN/BN and ZrN/BN
nano-composites. Preliminary results on this topic
were briefly mentioned in our earlier review [19] and
additional details on our study are presented here.
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2. EXPERIMENTAL

2.1. Materials and Measurements

All manipulations of reagents and reaction
products were performed under dry nitrogen atmo-
sphere using standard Schlenk techniques and inert-
atmosphere dry boxes. All solvents were rigorously
dried and freshly distilled prior to use. Hexamethyl-
disilazane, aniline and diphenylamine were purchased
from Aldrich and distilled prior to use. The samples
of 1,3,4,5,6-pentamethyl-2-aminoborazine (3) and
bis-(1,2,3,4,5-pentamethylborazinyl)amine (3") were
prepared as described in the literature [12, 38].
Samples of Ti(NMe,)4 and Zr(NMe,)4 were prepared
as described in the literature [26, 27]. High purity
anhydrous NH; was obtained from Matheson Gas
Products. Infrared spectra were obtained on a Matt-
son Galaxy 2020 FT-IR. Mass spectra were recorded
on a Finnegan Model 4500 spectrometer using a
solids inlet probe enclosed in a dry nitrogen enclo-
sure. NMR spectra were obtained from Bruker AC-
250 and JEOL GSX-400 spectrometers using Me,Si
('H, '*C) and F;BeEt,0 (''B) as external standards.
TGA scans were recorded with a Dupont Model 1090
instrument. Powder X-ray diffraction analyses were
obtained with a Scintag PAD-V diffractometer and
single crystal X-ray analyses were performed with a
Siemens R3m/V automated diffractometer. Elemental
analyses were obtained from the UNM Microanalyt-
ical Service, Galbraith Laboratories and Pascher
Mikroanalytisches Laboratory.

2.2. Synthesis of Molecular Compounds
2.2.1. (a) {Me>N),;Ti[u-NB;(Me)>N3(Me)s]}> (4).

A sample of Me;N;B;3;(Me),(NH,) (3) (0.66 g,
4.0 mmol) in hexane (20 ml) was added (20°C) to a
solution of Ti(NMe,)s (0.90 g, 4.0 mmol) in hexane
(20 ml) and stirred (12 h). During this time, the
reaction mixture turned from yellow to red and a red
solid formed. Stirring was continued (2d) to ensure
complete reaction and then the volatiles were vacuum
evaporated. Dimethylamine was identified in the
evaporate by FT-IR. The red solid {(Me,N),Ti[p-
NB;3(Me),N3(Me)s]}, 4 was collected by vacuum
filtration, washed with cold hexane (3 x 5 ml) and
recrystallized from hot hexane. Yield 0.80 g, 67 %;
m.p. 168-170°C Mass spectrum (30 eV), m/e
(assignment) inten.: 600 (M ") 7, 556 (M — Mej)
96. Infrared spectrum (KBr, cm™"): 2944 (m), 2903
(m), 2849 (m), 2766 (m), 1607 (w), 1443 (s, br), 1400
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(vs, br), 1319 (m), 1279 (m), 1242 (m), 1208 (m), 1184
(m), 1098 (s), 1045 (m), 955 (m), 939 (m), 878 (m), 712
(s), 694 (m), 638 (m), 594 (s). "H NMR (C¢Dy): 8 0.59
(B4,6 CH3, 12H), 2.80 (N5, CH;, 6H), 3.18 (N(CHs3),,
24H), 3.35 (N1,3, CH;, 12H). *C{'H}NMR (C¢Dy):
6 0.04 (B4,6, CH3), 34.48 (NS, CHj3), 34.96 (NI1,3,
CH;), 45.10 (N(CH3),). ""B{'H} NMR (C¢Dy): &
-26.0 (B2), -36.5 (B4,6). Anal. Caled for
C18H54B6N12Ti2: C, 3607, H, 908, N, 28.04. Found:
C, 35.07; H, 9.28; N, 25.90 (small uncombusted
residue remained).

2.2.2. (b) {(Me;N); Zr[u-N(H)B3(Me),N3(Me);]},
(5)

A sample of 3 (0.74 g, 4.5 mmol) in hexane
(20 ml) was added with stirring at 23°C to Zr(NMe»)4
(1.2 g, 4.5 mmol) in hexane (20 ml). After stirring
(1 h), a white precipitate formed. The mixture was
additionally stirred (2d) and the solid recovered by
vacuum filtration. The volatiles contained Me,NH as
found by IR spectroscopy. The white solid was
washed with cold hexane (3 x 10 ml) and recrystal-
lized from hexane (23°C) leaving colorless single
crystals of {(MexN); Zr[u-N(H)B3(Me):N3(Me)s]}»,
5. Yield 1.2 g, 69%; m.p. 166-168°C. Mass spectrum
(30 eV), mje (assignment) inten.: 315[(Me);N3B;
(Me),BN(H)Zr(NH)NMe;] 4, 193 [(Me,N),ZrN ']
86, 179 [(Me>N),Zr "]100. Infrared spectrum (KBr,
em™'): 2938 (s), 2911 (s), 2814 (s), 2760 (s), 1605 (s),
1447 (vs), 1383 (vs, br), 1312 (m), 1283 (s), 1240 (m),
1213 (s), 1146 (m), 1099 (s), 945 (m), 928 (s), 883 (m),
733 (m), 718 (s), 615 (m). "H NMR (Cg¢D¢): & 0.66
(B4, 6 CH;, 12H), 1.39 (NH, 2H), 2.02 ((CH;)>N,
6H); 2.05 ((CH;);N, 6H), 2.90 (N5, CH3, 6H), 2.92
(N(CHs),, 24H), 3.21 (N1,3, CHs, 12H); *C{'H} §
0.46 (B4, 6 Me), 34.51 (N5 Me), 34.90 (N1,3, Me),
39.40 (Me5N), 43.01 (Me>N). ""B{'H} NMR (C¢Dy):
6 27.0 (B2), 38.0 (B4,6). Anal. Caled for
C22HGgB6Nng2: C, 3404, H, 883, N, 25.56. Found:
C, 34.28; H, 8.84; N, 24.70.

2.2.3. (C) [(MQZN)5 272_5(NP]1)3]2 (7)

A sample of PhNH, (0.35g, 3.7 mmol) in
toluene (20 ml) was added to a solution of Zr(NMe,),4
(1.0 g, 3.7 mmol) in toluene (30 ml) at 0°C. The
mixture was stirred at 0°C (3 h) and then at 23°C
(12 h). A sample of the volatiles was collected and
found by FT-IR to contain Me,NH. The solution
was filtered, the filtrate volume reduced (~15 ml) and
stored for several days at 23°C. Yellow crystals of
[(Me,;N)sZr,y.5(NPh)s], (7) deposited. Yield 0.69 g,
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63%; decomposes above 100°C. Mass spectrum
(30 eV), mje (assignment) inten: 270 [PhNZr
(NMe;)S] 7. Infrared spectrum (KBr, cm™'): 2822
(m), 2762 (m), 1582 (s), 1474 (s), 1244 (vs), 936 (m),
885 (m), 756 (s), 694 (m). '"H NMR (C¢Dy): 8 1.55
(CH;N, 6H), 1.58 (CH;3N, 6H), 2.65 (CH3N, 12H),
2.80 (CH3N, 12H), 3.11 (CH;N7, 7°, 9, 18H) 3.88
(CH3N9, 6H), 6.50-7.10 (PhN); "“C{'H} NMR
(CsDg): & 39.29 (CH3N), 40.58 (CH;N), 43.24
(CH;3N), 43.55 (CH3N), 46.62 (CH3N7, 7°, 9), 53.46
(CH3N9), 117.31, 119.08, 122.27, 124.53, 157.02
(PhN). Anal. Caled. For CsgHggN;¢Zrs: C, 46.60;
H, 6.28; N, 15.52. Found: C, 46.48; H, 6.22; N, 15.16.

2.24. (d) (Me>N), Ti(NPhy), (8)

A sample of Ph,NH (1.3 g, 7.4 mmol) in toluene
(30 ml) was added to Ti(NMe,)4 (1.7 g, 7.4 mmol) in
toluene (20 ml) at 23°C and stirred (2d). The resulting
red solution was filtered and the filtrate vacuum
evaporated leaving a red oil which was redissolved in
hexane and stored at —10°C. Red crystals of
(Me,N),Ti(NPh,),, 8, deposited. These were collected
and dried under vacuum. Yield: 1.2 g, 67%; m.p.
140-142°C. Mass spectrum (30 eV), m/e (assignment)
inten: 472 (M) 73, 429 (M —NMej) 12, 384
(M —2NMed) 7, 304 (M — NPhj) 100. Infrared
spectrum (KBr, cm™"): 3025 (w), 2888 (w), 2859 (w),
2816 (w), 2772 (w), 1931 (w), 1782 (w), 1589 (s), 1481
(vs), 1254 (s), 1177 (s), 934 (s), 870 (s), 750 (s), 694 (s),
505 (m). 'H NMR (C;Dy): 8 2.79 (NCH3, 12H), 6.8—
7.2 (NPh). BC{'"H} NMR (C;Dsg): & 44.02 (NCHj),
122.50 (Ph), 122.85 (Ph), 129.35 (Ph), 151.79 (Ph).
Anal. Calcd. for Co,gH3,N4Ti: C, 71.18; H, 6.83; N,
11.86. Found: C, 70.84; H, 6.58; N, 11.94.

2.2.5. (e) (Me;N) Zr(NPh); (9)

A sample of PhoNH (1.3 g, 7.5 mmol) in hexane
(20 ml) was added with stirring (23°C) to a solution
of (Me;N)4Zr (1.0 g, 3.8 mmol) in hexane (20 ml).
The mixture was stirred (1d) and then refluxed (1d).
The volatiles were removed by vacuum evaporation
leaving a yellow solid (Me,N)Zr(NPh,); 9. The solid
was recrystallized from cold hexane. Yield 1.2 g.,
75%; m.p. 154-156°C. Mass spectrum (30 eV) m/e
(assignment) inten.: 640[M "]13, 639 [M-1"] 13, 638
[M-2"] 3, 470 [M-NPh,-1 "] 100. Infrared spectrum
(KBr, cm™"): 2864 (w), 2776 (w), 1483 (vs), 1422 (w),
1312 (w), 1262 (vs), 1181 (s), 1144 (m), 1026 (m), 926
(s), 868 (s), 748 (s), 694 (s). '"H NMR (C;Dy): & 2.19
(NCHs5, 6H), 6.84-7.14 (PhN, 30H); *C{'H} NMR
(C;Dg): 41.13 (CH3N), 122.72, 123.05, 130.05, 149.34
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(PhN). Anal. Caled for CigH3zgNyZr: C, 71.32; H,
5.67; N, 8.75. Found: C, 70.46; H, 5.45; N, 8.90.

2.3. Synthesis of Ceramic Composites
2.3.1. (a) Borazinylamine polymers (11 and 12)

A sample of the monomer (Me,N)B(Cl),B,N3H;3
(10) [7] (9.93 g, 51.6 mmol) in hexane (100 ml) was
combined with hexamethyldisilazane, (Me;Si)>NH,
(8.33 g, 51.6 mmol) and stirred (23°C, 12 h). A white
solid formed that was recovered by filtration, washed
with hexane (2 x 50 ml) and dried under vacuum.
Yield 7.0 g, 98% based upon formation of a polymer
with composition [(Me,N)B(NHB),N3;H3], (11).
Anal. Calcd for CoH;(NsBs: C, 17.58; H, 7.38; N,
51.25. Found: C, 18.0; H, 7.6, N, 49.9. Infrared
spectrum (KBr, cm™"): 3453 (w), 2976 (w), 2953 (w),
2874 (w), 2799 (w), 1524 (vs), 1429 (vs), 1398 (bv, vs),
1250 (m), 1107 (m), 978 (w), 839 (w), 716 (m), 629
(w). This polymeric reagent (7.0 g) was treated with
anhydrous NHj3; (60 ml) (-78°C) and the NHj;
allowed to slowly evaporate (10 h) through a Hg
bubbler. The remaining white solid, 5.44 g, corre-
sponds to the polymer [(NH,)B(NHB),NsH;s], (12).
Anal. Calcd for BsNsHg: C, 0.0, H, 5.57; N, 64.49.
Found: C, 0.5; H, 6.1; N, 63.8. Infrared spectrum
(KBr cm™"): 3486 (m), 3418 (s), 2955 (w), 1607 (s),
1481 (vs), 1375 (br, vs), 1196 (s), 1140 (s), 980 (w), 841
(w), 713 (s), 654 (m).

2.3.2. (b) Reaction of poly(borazinylamine) (12)
with Ti(NMe>),

A sample of Ti(NMe,), (5.12 g, 22.8 mmol) in
toluene (80 ml) was added to a sample of polymer 12
(2.8 g, ~23 mmol pendant NH, groups) in toluene
(50 ml). The mixture was stirred (23°C, 2d) then
refluxed (2d). Volatiles were vacuum evaporated
leaving a black solid (13) that was washed with
hexane (2 x 50 ml) and vacuum dried. Yield: 4.8 g.
The trapped volatiles showed the presence of Me,NH
based upon IR and NMR analysis. The solid was
then treated with dry NHj;(, (80 ml) and allowed to
stand at 23°C (6 h) while the excess NH; slowly
boiled off through a Hg bubbler. A brown solid (14)
was recovered. Yield 3.6 g.

2.3.3. (¢) Reaction of poly(borazinylamine) (12)
with Zr(NMe) ,

A sample of Zr(NMe,), (6.22 g, 23.3 mmol) in
toluene was combined with a sample of polymer 12
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(3.0 g, ~23.4 mmol pendent NH, groups) and the
mixture treated as described above. The intermediate
polymer (15) was yellow and it remained yellow
following treatment with NHj;, (16). Yield 5.6 g.

2.34. (d) Pyrolysis of metallated polymers 14 and 16

Samples of 14 (0.58 g) and 16 (0.70 g) were
placed in boron nitride crucibles and pyrolyzed in a
horizontal tube furnace at 1200°C under a slow purge
of dry NHjg. Polymer 14 gave 0.4 g (69%) of a
brown solid (17). Anal. Found: Ti 43.0; N, 34.4; B,
17.5; C, 04, H, 0.1; O, 4.8. Powder XRD (A):
d = 2.446, 2.117, 1.498, 1.277, 1.222. Polymer 16
gave 0.5 g (71%) of a grey solid (18). Anal. Found:
Zr, 57.3; N, 18.3; B, 9.82; C, 0.10; H, 0.40; O, 14.0.
Powder XRD (A): d = 2.850, 2.642, 2.568, 2.390,
2.282, 1.804, 1.615, 1.548, 1.477, 1.376, 1.320, 1.275,
1.254.

2.4. Crystallographic Measurements for Compounds
4,5,7,8 and 9

Diffraction quality single crystals were obtained
from the synthesis work-up procedures described
above. Crystals (4, 0.16 x 0.18 x 0.35 mm, colorless
prism; 5, 0.09 x 0.25 x 0.30 mm, colorless prism, 7,
0.21 x 0.34 x 0.55 mm, yellow block; 8, 0.25 x 0.32 x
0.45 mm, orange-red chip; 9, 0.16 x 0.32 x 0.51 mm,
yellow prism) were mounted in glass capillaries and
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sealed under dry nitrogen. Data were collected on a
Siemens R3m/V diffractometer equipped with a
graphite monochrometer and using MoKa radiation
(A = 0.71073 A). Lattice and data collection param-
eters are summarized in Table 1. Data were collected
using variable speed scans at 23°C. All calculations
were performed with SHELXTL Plus structure
determination programs [39]. Neutral atom scattering
factors and anomalous dispersion terms were used for
all non-hydrogen atoms during refinements [40]. Full-
matrix least-squares methods were utilized in the
refinements and the function minimized was
Zw(\FO\—\FC\)Z. The refinements for 4 and 5 were well
behaved and all non-hydrogen atoms were refined
anisotropically. The H-atoms on the carbon atoms
were placed in idealized positions (riding model) and
refined with Ui, = 1.25 Uegqyiv of the parent atom.
The refinement for 7 revealed disorder of the methyl
groups on N10: C33, C34 site occupancy 0.61 and
C33’, C34" 0.39. Twofold disorder of the phenyl
groups on N1 and N5 was observed and these carbon
atoms were refined isotropically. All hydrogen atoms
were included for final refinement in idealized posi-
tions (riding model for non-disordered carbon atoms
and fixed in idealized positions for disordered
groups). The refinements for 8 and 9 were well
behaved and all non-hydrogen atoms were refined
anisotropically. H-atoms were included in idealized
positions (riding model) with Uiy, = 1.25 Ugquiv of
the parent atom.

Table I. Crystallographic Data

4 5 7 8 9
Empirical formula C9H27B3N6Ti C11H34B3N7Zr C56H90N162r5 C28H32N4Ti C33H36N4ZT
Formula weight 299.7 388.1 1443.5 472.5 639.9
Cryst. syst. Triclinic Monoclinic Orthorhombic Monoclinic Monoclinic
Space group pl P2)/c Pnma P2)/c C2/c
a, A 9.137(2) 22.618(4) 21.425(4) 15.317(3) 21.898(4)
b, A 9.172(2) 11.008(1) 27.251(5) 11.393(2) 18.940(4)
¢, A 10.990(3) 17.004(2) 11.343(2) 16.758(3) 18.961(4)
o, deg 72.92(2) 90 90 90 90
B, deg 75.81(2) 103.61(1) 90 117.07(3) 124.67(3)
v, deg 71.90(2) 90 90 90 90
Vol, A3 824.7(5) 4115(1) 6623(2) 2604.1(8) 6468(2)
Z 2 8 4 4 8
Density, g cm™> 1.207 1.253 1.448 1.205 1.314
pu, mm~! 0.507 0.530 0.807 0.344 0.372
20 range, deg 2-50 2-47 3-50 3-47 3-52
No. Reflecns. collected 5815 12,661 11,924 7656 13,420

Obs. reflecns.
R1
wR2 (all data)

2258 (F > 36(F))
0.0475
0.0598

3481 (F > 36(F))
0.0659
0.0610

3693 (F > 1.56(F))
0.0513
0.0279

2494 (F > 1.50(F))
0.0443
0.0338

3292 (F > 2.00(F))
0.0427
0.0341
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CCDC reference number 611265 (5), 611266 (4),
611267 (8), 611268 (7), 611269 (9). Crystallographic
data in electronic format may be obtained from the
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
or from http://www.ccdc.cam.uc/deposit.

3. RESULTS AND DISCUSSION

3.1. Molecular Model Reactions

In order to better understand and anticipate the
reactivity of Ti(NMe,), and Zr(NMe,), with prece-
ramic poly(borazinylamine) reagents, selected model
reactions of Group

f}le C|:H3
/B\ B
HiC—N7 2 SN—CH;  H,c—N~

HiC—BS& 5 B—cH. Hs.C—

N2>~ 3 3 B B

) Ty
CH3 CH3 }L
3 3

IV metal amides were examined with 1,3.4,5,6-
pentamethyl-2-aminoborazine, 3, and bis-(1,2,3,4,5-
pentamethylborazinyl)amine, 3’. Methyl derivatiza-
tion of all but one of the borazine ring atoms on 3
and 3’ ensures that its reactivity will solely involve
transamination at the exo primary amine nitrogen
atom (3) or the secondary amine nitrogen atom
(3’). Although not directly related to the preceramic
polymer study, reactions of aniline and diphenyl-
amine with Ti(NMe,); and Zr(NMe,), were also
explored.

Bradley and Torrible [41] previously observed
that reaction of Ti(NMe,), with excess PhNH, gave
a black, relatively insoluble solid that was charac-
terized only by elemental analysis. Based upon
those observations, the product was assumed to be
a polymeric imido compound [Ti(NPh),],. Bartlett
[42] also reported reactions of PhNH, with
Zr(NMe,), in hydrocarbon solvent, and he noted
formation of insoluble solids presumed to be
Zr(NPh)(NHPh) based upon elemental analysis
data. We have reinvestigated these systems and
confirm that neat reagent mixtures in hexane and
benzene solutions give intractable products. How-
ever, as we recently reported when the 1:1 combi-
nation of Ti(NMe,)s; and PhNH, is performed at
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23°C in toluene solution, Me,NH is released and a
red solution is obtained [43]. Upon concentration,
red-orange crystals deposit and are recovered in
77% vyield. Single crystal X-ray diffraction analysis
reveals the formation of an unusual amido-imido
Ti bicyclic ring compound, {Tig(NMe,)s(1-NPh)s],
6 [43]. The heavy-atom core structure is shown in
Fig. 1. The Til and Ti2 atoms are each bonded to
a terminal NMe, groups while Ti3 and Ti4 are each
bonded to two terminal NMe, groups. The N1, N2,
N3, N5 and N6 atoms are from bridging PhN-—
imido groups. All except one nitrogen atom are
planar. One NMe, group (N4) is slightly distorted
(sum of bond angels, 367.8°).

This interesting new observation encouraged
additional studies with aniline. We report here that
the 1:1 combination of Zr(NMe,); with PhNH, in
toluene held first at 0°C (3 h) and then at 23°C (12 h)
produces a yellow solution. Me,NH is detected by IR
analysis of the reaction medium and solution

Fig. 1 Heavy atom core structure for [(Me,N)sTig(1-NPh)s], 6 [35].
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concentration provides yellow crystals in 63% yield. Table II. Selected Bond Lengths (A) and Bond Angles (°) for
Single crystal X-ray diffraction analysis shows that [Zr2 s(NMe)s(NPh)s |, 7

this complex is an amido-imido cage compound
[Zr, 5(NMe,)s(NPh);],, 7, that is compositionally and

Bond lengths

structurally distinct from 6. A view of the full heavy- Zr1-N1 2.000(7) Zr1-N2 2.091(6)
atom structure is shown in Fig. 2 and a view of the Zrl-N7 2.29905) Zr1-N9 2.046(8)
Zr/N atom core structure is shown in Fig. 3. Select(?d 2;:?1; ?;2;8 Ziii iégzg
bond lengths and bond angles are presented in Z19-N5 2.299(4) Zr2-N7 2.320(5)
Table II. The molecule has a mirror plane that Zr3-N3 2.213(5) Zr3-N4 2.122(5)
contains N1, N2, N5, N9 and Zrl. There is a central Zr3-N6 2.026(6) Zr3-N8 2.056(6)
eight-atom cage containing Zrl, Zr2, Zr2’, N1, N2, ngleoz, 2'196(7) Zr;“’ZQ 3'13(2)(1)
N5, N7 and N7’, aqd this cage geometry resembles irl:éOIZr ? 4(1)4118)1) i;:é;zr} ? 4?282))
that adopted in the eight atom core of the compound N3-Cl1 1.413(9) N4-C17 1.414(9)
[Ti(NMe,)(N3)(1-NMe»o)]s (13-N3)(u3-NH) [44]. In N5-C23 1.499(10)  N5-C24 1.481(10)
addition, two four-atom exo rings containing Zr2, N6-C25 1.426(10)  N6-C26 1.449(10)
Zr3, N3, N4 and Zr2'Zr3’, N3’, N4’, respectively, are N7’C§7 i‘jgz(g) N7-C-28 1'26??)
appended tQ the cage. The. 7Zrl and Zr% atom§ have 11:3:83? L4 423)2) Eg:gg } 432&2;
distorted trigonal bipyramidal geometries while Zr3 N10-C33 1.429(16)  N10-C34 1.577(16)
is distorted octahedral. Seven of the dimethyl amido Bond angles
groups have terminal, three coordinate nitrogen N1-Zr1-N2 84.0(2) N2-Zr1-N7 79.6(1)
N1-Zr1-N7 86.5(1) N1-Zr1-N9 131.5(3)
N2-Zr1-N9 144.5(3) N7-Zr1-N9 99.9(1)
N7-Zr1-N7 158.6(2) N1-Zr2-N3 167.7(2)
N1-Zr2-N2 67.9(2) N1-Zr2-N4 107.8(2)
N2-Zr2-N3 100.5(2) N3-Zr2-N4 84.2(2)
N1-Zr2-N5 74.2(2) N2-Zr2-N5 80.3(2)
N3-Zr2-N5 100.4(2) N4-Zr2-N5 104.1(2)
NI1-Zr2-N7 74.9 N2-Zr2-N7 73.9(2)
N3-Zr2-N7 106.7(2) N4-Zr2-N7 99.8(2)
N4-Zr3-N6 123.3(2) N3-Zr3-N4 77.7(2)
N3-Zr3-N8 105.9(2) N3-Zr3-N6 95.4(2)
N6-Zr3-N8§ 117.92) N4-Zr3-N8§ 118.1(2)
N3-Zr3-N10 160.2(2) N4-Zr3-N10 84.5(2)
N6-Zr3-N10 87.1(2) N8-Zr3-N10 89.9(2)
Zr2-N1-Cl1 128.6(3) Zr1-N1-Zr2’ 86.5(2)
Zr2-N1-Zr2’ 84.4(2) Zr1-N2-C5 131.4(5)
Zr1-N2-Zr2 89.1(2) Zr2-N3-Cl11 155.0(4)
Zr2-N3-Zr3 99.5(2) Zr2-N4-Zr3 98.4(2)
Fig. 2 Molecular structure and atom labeling scheme for Zr2-N2-Zr2 92.1(2) Zr3-N4-Cl17 122.7(4)
[Zr> s(NMe>)s(NPh)s], 7. Zr2-N3-7Zr3 99.5(2) Zr2-N5-C24  112.7(3)
Zr3-N3-Cl1 105.5(4) Zr2-N5-7r2' 95.4(2)
Zr2-N4-C17  138.8(4) Zr3-N6-C26  128.0(5)
Zr2-N5-C23  115.5(3) Zr1-N7-Zr2 85.3(2)
C23-N5-C24 105.3(6) Zr2-N7-C27 122.3(4)
Zr3-N6-C25 123.1(5) Zr2-N7-C28 115.9(4)
C25-N6-C26 108.7(6) C29-N8-C30 110.8(6)
Zr1-N7-C27 111.3(3) Zr1-N9-C32 124.3(6)
Zr1-N7-C28 113.8(4) C31-N9-C32 110.6(7)

C27-N7-C28  106.8(5)
Zr3-N§-C30  124.3(5)
Zrl-N9-C31  125.0(6)

atoms: N6, N8, N9, N10, N6’, N§’, N10’. Five of
these are planar, N6, N8, N9, N6’, N8’, with an
NITOI NigI average Zr-N bond length 2.047 + 0.021 A (range:
Fig. 3 Heavy atom core structure for [Zr, s(NMe>)s(NPh)s],, 7. 2.026(6) A-2.056(6) A) while two are pyramidal,
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N10, N10” with Zr-N bond length, 2.50(1) A. The
geometry and bond lengths for the former group are
consistent with strong Zr—N dn—pmn orbital overlaps
and these are comparable to structural features in a
number of other zirconium amide compounds [45,
46]. The coordination features for N10 and N10” are
consistent with c-only overlap. The remaining three
dimethyl amido groups, N5, N7, N7’, act as four
coordinate bridging groups with Zr1-N7 2.299(5) A,
Zr2-N7 2.320(7) A and Zr2-N5 2.299(4) A. All six
phenyl imido groups act as bridging ligands. Four
reside in the two exo planar four-membered Zr,N,
rings and the N atoms N3, N4, N3’, N4’ are three
coordinate and doubly bridging, p,. The Zr—N bond
lengths in these four-membered rings are asymmetric
with the shorter distances associated with the more
highly coordinated Zr2(Zr2’): Zr2-N3 1.963(5) A,
Zr2-N4 2.095(5) A, Zr3-N3 2.213(5) A, Zr3-N4
2.122(5) A. The remaining two phenyl imido groups
participate in the central cage bonding, and the N
atoms, N1 and N2, are four coordinate, triply
bridging, p;. The Zr—N bond lengths are asymmetric
with the shorter distances associated with the dis-
torted trigonal bipyramidal Zrl atom: Zrl-NI
2.000(7) A, Zr1-N2 2.091(6) A. The longer bond
lengths involve the distorted octahedral geometry
Zr2(Zr2’) atoms: Zr2-N1 2.533(5) A, Zr2-N2
2.364(4) A. The non-bonded ZrleeeZr2 and
Zr2eeeZr3 distances, 3.130(1) A and 3.192(1) A are
slightly longer than observed in the dimeric structure
of [(Me,N),Zr(N'Bu),]», 3.092(1) A [29].

With the molecular structure of 7 known, the
elemental analysis for the compound can be inter-
preted and is in good agreement with the composition
deduced in the structure analysis. However, probably
as a result of low volatility, a mass spectrum
containing an appropriate parent ion was not
detected by standard FAB MS techniques. There
are six unique NMe, groups in the solid-state
structure, and six methyl proton resonances are
resolved in the '"H NMR spectrum at & 1.55, 1.58,
2.65, 2.80, 3.11 and 3.88 and in the *C{'H}NMR
spectrum, & 39.29, 40.58, 43.24, 43.55, 46.62 and
53.46.

Given the new results outlined above, the reac-
tions of Ti(NMe,)s and Zr(NMe,), with diphenyl-
amine were also explored. The 1:1 combination of
Ti(NMey)4 and Ph,NH in toluene solution at 23°C
gave a red liquid that crystallized over several days.
Elemental analysis is consistent with a formulation
(Me,N), Ti(NPh,),, 8, and a FAB MS analysis shows
a parent ion at m/e 472. The 'H and "*C{'H} NMR
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spectra show one methyl group and one phenyl group
environment, respectively. Single crystal X-ray dif-
fraction analysis was completed for 8. A view of the
molecule is shown in Fig. 4, and selected bond
lengths and bond angles are presented in Table III.
The compound is monomeric with two terminal,
planar NMe, groups and two terminal NPh, groups
bonded to the Ti(IV). The Ti(IV) geometry is
tetrahedral with NI1-Ti-N2 114.4° and N3-Ti-N4
115.3°. The Ti-NMe, bond lengths, Ti-N3 1.859(4)
A and Ti-N4 1.880(3) A (avg. 1.870 A) are compa-
rable to the average Ti-NMe, bond length in 6,
1.877(5) A [43]. The distance in 8 is shorter than the
average Ti—-N bond length in (Me,N),Ti, 1.908(2) A
[47]. However, the Ti-N bond length in 8 is slightly
longer than the distance in (Et,N)TiCl;, 1.852(4) A
[48]. The bond shortening in the latter compound is
consistent with increased dn—pmn overlap with a more
electropositive Ti(IV) center due to the presence of
the chlorine substituents. The Ti—NPh, bond lengths,
Ti-N1 1.972(3) A and Ti-N2 1.962(3) A (avg.
1.967 A), are significantly longer than the Ti-NMe,
bond lengths consistent with weaker dn—pm overlap in
the Ti-NPh, bonds. Several attempts to prepare
(MezN)3Tl(NPh2) and (MezN)Tl(Nth)g, by using
appropriate reactant stoichiometries failed to give
pure products and, under the conditions explored, 8
appears to be the favored thermodynamic species.

Fig. 4 Molecular structure and atom labeling scheme for
(MezN)zTi(Nth)z, 8.
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Table III. Selected Bond Lengths (A) and Bond Angles (°) for
(MezN)ng(NPhg)z 8

Bond lengths

Ti-NI1 1.972(3) N1-Cl1 1.434(5)
Ti-N2 1.962(3) NI1-C7 1.413(4)
Ti-N3 1.859(4) N2-C13 1.414(5)
Ti-N4 1.880(3) N2-C19 1.428(4)
N3-C25 1.468(5) N4-C27 1.452(6)
N3-C26 1.455(5) N4-C28 1.464(6)
Bond angles

NI-Ti-N2 114.4(1) Ti-NI1-C1 109.8(2)
NI1-Ti-N3 109.5(1) Ti-N1-C7 132.9(3)
NI-Ti-N4 115.3(1) C1-N1-C7 116.9(3)
N2-Ti-N4 106.0(1) Ti-N2-C13 128.1(2)
N2-Ti-N3 104.6(1) Ti-N2-C19 116.1(2)
N3-Ti—4 106.2(2) C13-N2-C19 115.6(3)
Ti-N3-C25 115.0(3) Ti-N4-C27 120.6(3)
Ti-N3-C26 131.0(3) Ti-N4-C28 127.6(3)
C25-N3-C26 114.0(3) C27-N4-C28 110.9(3)

The reaction of Zr(NMe,); with Ph,NH was
examined with several reagent combining ratios and
solvents. The reaction is more sluggish and gives
mixtures of products. The cleanest results were
obtained with PhoNH/Zr(NMe,), 2:1 in hexane at
23°C (1d) followed by reflux (1d). Yellow crystals,
isolated in 75% yield, are found to be
Zr(NMe,)(NPh,);, 9. The compound is analytically
pure following recrystallization from hexane and the
parent ion is detected by FAB MS. The 'H and '*C
NMR spectra display single methyl group and single
phenyl group environments consistent with the pro-
posed formulation.

The molecular structure for 9 was confirmed by
single crystal X-ray diffraction analysis. A view of the
molecule is shown in Fig. 5 and selected bond lengths
and bond angles are given in Table IV. The molecule
is monomeric with one terminal, planar NMe, group
and three terminal, planar NPh, groups. The Zr(IV)
geometry is tetrahedral with N1-Zr-N2 107.8(2)°,
N1-Zr—N4 117.4(2)°, N3-Zr—-N4 109.7(2)°, N2-Zr—
N3 109.9(2)°. The Zr-NMe, bond length, Zr-N4,
2. 007(4)A is shorter than the Zr-NPh; bond lengths,
Zr-N1 2.071(4) A, Zr- N2 2.094(3) A and Zr-N3
2.104(4) A (avg. 2.090 A). The latter are actually
more similar to the average terminal Zr—-NMe, bond
length in (Me;N)4Zr, 2.069(3) A (range 2.045(3)-
2.108(3) A) [27]. The shorter Zr-N4 distance is
consistent with stronger Zr-NMe, dn—pmr overlap.

Of more direct relationship to our efforts to
obtain MN/BN composites from poly(borazinyl-
amine)/metal amide precursors are reactions between
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Fig. 5 Molecular structure and atom labeling scheme for
(Me,N)Zr(NPhy)s, 9

Table IV. Selected Bond Lengths (A) and Bond Angles (°) for
(Me;N)Zr(NPhy)s. 9

Bond lengths

Zr-NI1 2.071(4) Zr-N2 2.094(3)
Zr-N3 2.104(4) Zr-N4 2.007(4)
NI1-Cl1 1.405(5) N1-C7 1.441(6)
N2-C13 1.403(6) N2-C19 1.439(5)
N3-C25 1.427(6) N3-C31 1.411(6)
N4-C37 1.450(9) N4-C38 1.449(6)
Bond angles

NI-Zr-N2 107.8(2) NI-Zr-N3 107.1(1)
NI-Zr-N4 117.4(2) N3-Zr—N4 109.7(12)
N2-Zr-N3 109.9(1) N2-Zr-N4 104.8(1)
Zr-N1-Cl 136.4(3) Zr-N1-C7 106.0(3)
C1-N1-C7 117.6(4) C13-N2-C19 116.0(3)
Zr-N2-C13 123.9(2) Zr-N2-C19 119.6(3)
Zr-N3-C25 111.5(3) Zr-N3-C31 131.0(3)
C25-N3-C31 117.1(4) Zr-N4-C37 113.1(3)
Zr-N4-C38 135.3(4) C37-N4-C38 111.2(4)

Ti(NMe,)4 and Zr(NMe,),; with 3 and 3’. The 1:1
reaction of 3 with Ti(NMe,); in hexane at room
temperature gives a red solution from which a red solid
deposits in 67% yield. Recrystallization provides red
crystals, and the identity of the compound was deduced
by single crystal X-ray diffraction analysis. The mol-
ecule is a dimeric complex, {(Me,N),Ti[p-
NB;(Me),N3(Me)s]}o, 4. A view of the molecule is
shown in Fig. 6 and selected bond angles and distances
are summarized in Table V. The structure contains a
planar, centrosymmetric Ti, N, ring that is comparable
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with the dimeric ring structure displayed by [(Me,N),.
Ti(u-N'Bu)], [28]. The ring bridging imido nitrogen
atom originates from the terminal -NH, group of the
borazinylamine 3. In order to minimize strain, the
pentamethyl borazine rings rotate so that they are
perpendicular to the Ti,N, plane. Although very
similar in structure, the Ti,N, ring in 4 is much more
asymmetric than the ring in [(Me>N),Ti(u-N'Bu)],.
This is shown by comparison of the Ti—N(ring) bridge
bond lengths in 4, Ti-N1 1.947(2) A and Ti-N1
1.913(3) A with those in [(Me>N),Ti(u-N'Bu)l,,
1.921(2) and 1.925(2) A. The bridge bond lengths in 4
are also longer than the terminal Ti-NMe, bond
lengths, Ti—N5 1.919(3) A and Ti-N6 1.895(3) A and
these compare favorably with the terminal Me,N-Ti
bond lengths in [(Me,N),Ti(p-"Bu)],, 1.913(2) and

Fig. 6 Molecular structure and atom labeling scheme for
{(MeN),Ti[u-NB3(Me), N3(Me)s]}, 4.

Table V. Selected Bond Lengths (A) and Bond Angles (°) for
{(MexN), Ti[p-N B3(Me),N3(Me)s]}o. 4

Bond lengths

Ti-NI1 1.947(2) BI-N1 1.467(5)
Ti-N1’ 1.913(3) BI-N2 1.445(4)
Ti-N5 1.919(3) B1-N4 1.440(6)
Ti-N6 1.895(3) B2-N2 1.449(6)
TieeeTi’ 2.793(1) B2-N3 1.427(7)
N2-Cl1 1.459(6) B3-N3 1.428(5)
B3-N4 1.435(6)
N3-C3 1.470(6) B2-C2 1.574(6)
N4-C5 1.478(4) B3-C4 1.586(8)
N5-C6 1.453(5) N6-C8 1.446(6)
N5-C7 1.460(5) N6-C9 1.451(7)
Bond angles
NI-Ti-N1 87.3(1) Ti-NI1-Ti' 92.7(1)
NI-Ti-N35 115.7(1) NI-Ti-N6 112.9(1)
N5-Ti-N6 107.0(1) N5-Ti-N1" 117.2(1)
No6-Ti-N1” 116.0(1) Ti-N1-Bl 127.0(2)
BI-NI-Ti 137.3(2) NI-B1-N2 122.6(4)
C6-N5-C7 109.93) Ti-N5-C6 126.7(2)
Ti-N5-C7 123.4(3) Ti-N6-C9 112.2(3)
Ti-N6-C8 135.2(3) C8-N6-C9 112.0(3)
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1.914(2) A [28]. Each amido and imido nitrogen atom
(N1, N5, N6) is planar with the largest deviation
represented by the bond angle sum on N1, 357.0°. In
view of the MO arguments presented by Thorn et al.
[28], it appears that the asymmetric Ti,N, ring struc-
ture in 4 is very likely driven by electronic differences
between the borazine ring and 'Bu group on the
bridging imido nitrogen atom.

The structure determined for 4 is consistent with
its mass spectrum which shows a dimer parent ion, m/
e = 600. However, the CHN data for the compound
are typically low in C and N suggesting that a minor
impurity is retained in the analytical samples, or
combustion of the sample is incomplete as noted in
analysis reports. The "H NMR spectrum shows single
resonances for the methyl groups on the boron atoms
(B4, B6, 6 0.04), the methyl groups on the borazine N
atoms (N5, 6 2.80; N1,3 & 3.35) and on the Me,N
groups (0 3.18). There is no resonance observed for a
NH proton and this is consistent with the presence of
the borazinyl imide. Similarly, the *C{'H} NMR
spectrum shows single resonances at & 0.04 (B4,6),
34.48 (N5CHs;), 34.96 (N1,3, CH3), 45.10 (NMe,). The
"B{'"H} NMR spectrum shows two broad resonances
at 6 —26.0 (B2) and —36.5 (B4,6) in a 1:2 ratio.

The reaction of Ti(NMe,); and 3 was also
examined with a 1:2 reactant stoichiometry and 4 was
obtained as a red crystalline solid identified by its mass
spectrum and "H NMR spectrum. Since the poly(bor-
azinylamine) used to obtain preceramic composite
oligomers contains fragments such as represented by
17, reactions of Ti(NMe,), with the ring permethylated
compound (Me;N3;BsMe,),NH, 3’ were also examined
with hexane or toluene as solvent. No reaction was
noted after two days at room temperature or at reflux.
This suggests that transamination reactions of the
Ti(NMe,), with the preceramic oligomer 12 should
occur only at the exo B-NH, group.

17

The 1:1 reaction of 3 with Zr(NMe,), in hexane
at 23°C was also examined. This combination gives a
white solid in 69% yield that crystallized as colorless
single crystals. The composition and structure of this
compound was determined by single crystal X-ray
diffraction analysis. The compound, {(Me,N);Zr[u-
N(H)B3(Me),N3(Me)s]}» 5, is distinctly different in
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Fig. 7 Molecular structure and atom labeling scheme for
{(MexN);Zr[p-N(H) B3(Me),N3(Me)s]}o, 5.

composition and structure from 4. A view of the
molecule is shown in Fig. 7 and selected bond
distances and bond angles are given in Table VI.
The structure features a central, planar, asymmetric
four-membered Zr,N, ring in which each Zr atom is
bonded to three terminal Me,N groups and two
bridging pentamethylborazinyl amido groups. The
borazine rings planes are oriented perpendicular to
the Zr,N, plane with cis orientation across the plane.
Two of the terminal Me,N groups on each Zr atom
are planar (N9, N11 on Zrl and N12, N14 on Zr2)
and these have significantly shorter Zr-N bond
lengths, Zrl-N9 2.077(7) A, Zr1-N11 2.062(7) A,
Z1r2-N12 2.056(7) A, Zr2-N14 2.057(8) A, compared
to the other two Me,N groups that are pyramidal
(sum of bond angles N10 333.1°, N13 333.7°) and
display long Zr—N bond lengths, Zr1-N10 2.528(7) A
and Zr2-N13 2.530(8) A. The Zr—N bond lengths in
the central ring are Zrl1-N1 2.043(7) A, Zr1-N5
2.135(6) A, Zr2-N1 2.131(7) and Zr2-N5 2.052(7) A.
It is interesting that these bridging amido groups
have a planar heavy atom geometry with sums of
bond angles N1, 359.2° and N5, 359.4°.

Compound 5 was obtained in analytically pure
form, but a parent ion was not detected in the FAB-
MS. NMR data, however, are fully consistent with
the structure found in the solid state. The '"H NMR
spectrum contains singlets for the methyl groups on
the boron atoms (B4,B6 & 0.66), the N-H group (o
1.39), the methyl groups on the ring nitrogen atoms
(NS, 6 2.90, N1,N3, 3.21) and on the inequivalent
Me,N groups [0 2,02, 2.05, 2.92) that appear in a
1:1:4 area ratio. Combinations of Zr(NMe,), with 3’
in hexane showed no evidence for reaction.

Based upon the model reactions of 3 and 3, it
can be concluded that Ti(NMe,); and Zr(NMe,),
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Table VI. Selected Bond Lengths (A) and Bond Angles (°) for
{(MeoN);Zr[p-N(H)B;(Me),N3 (Me)s]}o. 5

Bond lengths

Zr1-Nl1 2.043(7) Zr1-N5 2.135(6)
Zr1-N9 2.077(7) Zr1-N10 2.528(7)
Zr1-N11 2.062(7) Zr2-N1 2.131(7)
Zr2-N5 2.052(7) Zr2-N12 2.056(7)
Zr2-N13 2.530(8) Zr2-N14 2.057(8)
ZrleeeZr2 3.181(1)

B1-N1 1.451(13)  BI1-N2 1.447(12)
B1-N4 1.457(13)  B2-N2 1.432(15)
B2-N3 1.418(16)  B3-N3 1.423(14)
B3-N4 1.438(14)  B4-NS5 1.440(14)
B4-N6 1.448(14)  B4-N8 1.456(13)
B5-N6 1.417(16)  B5-B7 1.447(18)
B6-N7 1.419(18)  B6-N8 1.431(17)
N2-C1 1.469(14)  B2-C2 1.578(16)
N3-C3 1.478(15) B3-C4 1.578(16)
N4-C5 1.451(12) B5-C7 1.591(19)
N6-C6 1.452(12)  B6-C9 1.596(17)
N7-C8 1.494(17)  N10-Cl13 1.466(15)
N8§-C10 1.465(14) N10-Cl4 1.471(12)
N9-C11 1.454(14) NI11-Cl15 1.435(13)
N9-C12 1.428(13) NI11-Cl16 1.460(14)
N12-C17 1.462(15) NI13-C19 1.474(13)
NI12-C18 1.443(15)  NI13-C20 1.459(13)
N14-C21 1.450(13)

N14-C22 1.458(13)

Bond angles

NI-Zr1-N5 81.0(3) NI1-Zr1-N9 117.93)
N5-Zr1-N9 105.8(3) NI1-Zr1-N10 82.0(3)
N5-Zr1-N10 162.2(3) N9-Zr1-N10 86.8(3)
NI1-Zrl1-N11 125.8(3) N5-Zr1-N11 100.4(3)
N9-Zr1-N11 113.7(3) N10-Zr1-N11 85.4(3)
NI1-Zr2-N5 80.9(3) NI1-Zr2-N12 100.4(3)
N5-Zr2-N12 125.1(3) NI1-Zr2-N13 162.3(3)
N5-Zr2-N13 82.3(3) NI12-Zr2-N13 84.9(3)
N1-Zr2-N14 105.9(3) N5-Zr2-N14 119.1(3)
Zr1-N1-Zr2 99.3(3) Zr1-N5-Zr2 98.9(3)
Zr1-N1-Bl 137.8(5) Zr1-N5-B4 122.5(5)
Zr2-N1-B1 122.1(5) Zr2-N5-B4 138.0(6)
NI1-BI-N4 123.5(8) N5-B4-N6 120.5(9)
NI1-BI-N2 121.2(9) N5-B4-N8 123.009)
N2-B1-N4 115.3(9) N6-B4-N8 116.4(9)
C11-N9-C12 109.9(8) CI17-N12-C18  108.7(8)
Zr1-N9-C11 123.9(6) Zr2-N12-C17  113.3(6)
Zr1-N9-C12 126.2(7) Zr2-N12-C18  137.6(7)
CI3-N10-C14  108.3(8) CI9-N13-C20  108.4(7)
Zr1-N10-C13  111.3(5) Zr2-N13-C19  114.8(7)
Zr1-N10-C14  113.5(6) Zr2-N13-C20  110.5(6)
CI5-N11-C16  109.9(8) C21-N14-C22  108.8(7)
Zr1-N11-C15  138.8(7) Zr2-N14-C21 125.8(6)
Zr1-N11-Cl16  111.2(6) Zr2-N14-C22  125.4(5)

should readily undergo transamination with termi-
nal B-NH, groups in poly(borazinylamine) prece-
ramic oligomer fragments such as idealized in 2.
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Furthermore, it appears that there will be no or very
little reactivity with the bridging B-N(H)-B groups.
It also appears that the borazinylamine fragment has
a much lower tendency toward cage aggregate
formation compared to aniline and such aggregate
formation would be further suppressed by the steric
constraints imposed by the oligomer structure. The
model chemistry, therefore, fully supports the con-
cept of forming metallated poly(borazinylamine)
oligomers that should be useful precursors for the
formation of MN/BN ceramic composites.

3.2. Formation of Polymeric Precursors

Utilizing poly(borazinylamine) chemistry devel-
oped in our earlier work [7-19] we have examined the
chemistry shown in Scheme 1. The 1:1 combination
of 2-dimethylamino-4,6-dichloroborazine [7] with
hexamethyldisilazane in hexane gives a white solid
11. This material provides a CHN analysis compa-
rable to samples prepared previously from chloro-
benzene or hexane solution [7], and it is assumed to
have the 2-point oligomer structure shown. Treat-
ment of this solid with liquid NHj results in solvolysis
of the terminal -NMe, groups and replacement with
terminal —NH, groups. This is supported by CHN
analytical data that show the retention of only a very
small amount of carbon in 12. Infrared spectra are
also consistent with the replacement. The spectrum
for 11 shows a relatively weak band at 3453 cm™! that
can be attributed to an N-H stretch for the bridging
NH groups and bands at 2976, 2953, 2874 and
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2874 cm™' that can be tentatively assigned to NMe,-
methyl group stretching modes [7]. Following am-
monolysis, the NMe, bands disappear and are
replaced by medium to strong bands at 3486 and
3418 cm™' that are assigned to the terminal —~NH,
vibrations. A weak band at 2955 cm™!' is present
when the ammonolysis is incomplete, and this vibra-
tion is a sensitive indicator of the degree of comple-
tion of this chemistry.

Toluene slurries of oligomer 12 and Ti(NMe,),
and Zr(NMe,), in an estimated 1:1 ratio, based upon
one available -NH, group/borazine ring, were slur-
ried at 23°C and then refluxed for 2 days. The exact
composition and structure of the metallated oligo-
mers are not known; however, some speculation is
possible based upon IR data. For 13 (M = Ti), there
is a medium intensity stretching frequency at
3422 cm™' that can be tentatively assigned to a
terminal N-H stretching vibration. This is down-
frequency of the N-H stretch assigned to the oligo-
mer vy band. The appearance of this band suggests
that the transamination chemistry stops with the
formation of an amido species (Me,N);Ti(NHR)
(R = borazine ring fragment) and does not proceed
on to an dimeric imido bridged species such as
observed in the structure determined for 4. In that
regard, 4 does not display an IR band in the region
3500-3000 cm™'. Both 13 and 4 show IR bands in the
C-H stretch region 2950-2750 assigned to NCHj;
groups. Similarly for 15 (M = Zr), there is a medium
intensity IR band at 3430 cm™' that is assigned to an
N-H stretch. This can be compared with the N-H

II\lMeg hIIMez rile
B B B
Z° Z°N PZaa
U | T ey
H e:
Bau B. -MesSiCl B 2 Baw B
a”” N a N~ N7 N N~ N7 N
H H H H |, H H H,
10 1 12
M(NMe,)4
HO MNHz) H_  M(NMey);
\ I
B NH B
2o B P
HT ﬁ‘“ -HNMe, HT ﬁ‘“
N/B\N/B\N N/B\N/B\N
H H H H H H |
14 (M=Ti) 13 (M=Ti)
16 (M=2Zr) 15 (M=Zr)

Scheme 1.
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stretch at 3259 cm™! observed in 5. The higher value
in 15 suggests that the species present may more
resemble the monometallic product suggested in
Scheme 1 than the dimeric bridging borazinylamine
molecular product shown in Fig. 7.

The metallated oligomers 13 and 15 were then
treated with liquid NHj for several hours in an effort
to remove the terminal -NMe, groups on the metals
replacing them with terminal -NH, or perhaps amino
or imido bridge interactions formed subsequently via
deamination. The objective was to reduce the level of
carbon in the precursor oligomers 14 and 16 prior to
pyrolysis. This treatment would also be expected to
enhance the crosslinking in the oligomer and thereby
reduce loss of material during pyrolysis. This is
partially successful as bands attributed to C-H
stretch modes in 14 and 16 are dramatically reduced
in intensity following ammonolysis.

3.3. Pyrolysis of Preceramic Polymers

Thermogravimetric analyses (TGA) of 14 and 16
under argon were performed as a guide for the
pyrolytic processing of the precursors. Oligomer 14
shows a gradual weight loss (~15 wt%) between 25°
and 500°C and another 5% wt% loss between 600°
and 800°C. The TGA for 16 is very similar except
that a small weight loss (3-5 wt%) occurs between
900° and 1100°C. Using this information, bulk
pyrolyses of samples of 14 and 16 were performed
under a slow purge of NHj3 at 1200°C. A brown solid
17 (M = Ti) and a grey solid 18 (M = Zr) are
obtained in ~70% yield. The elemental analysis for
17 is consistent with a formulation TizoBs4.
N5 -0 0Co1Hp 3. The presence of ~4.8 wt% oxygen
in the sample may result from partial hydrolysis of
the oligomer 11 or 14 during sample handling prior to
pyrolysis or from residual moisture in the flowing
ammonia used for the pyrolysis reaction that takes
place over a 6 h period. The low levels of carbon and
hydrogen suggest that the ammonolysis of the prece-
ramic polymer 11 with NHsy, is effective. The powder
XRD scan for 17 shows sharp reflections at
d = 2.446, 2.117, 1.498, 1.277, and 1.222 that are in
excellent agreement with ¢ values for an authentic
sample of c-TiN [49]. A weak, broad reflection with
d =2 3.4 corresponds to turbostratic BN. EDS analysis
shows a prominent pair of peaks due to Ti. The SEM
of the powder shows the formation of irregular
shaped powder particles. On the other hand, TEM
(Fig. 8) shows the distinct formation of cubic TiN
particles, ~10 nm on a side, evenly distributed
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Fig. 8 Transmission electron micrograph for TiN/BN composite
powder.(Space bar = 100 nm).

through a BN matrix. Selected area electron diffrac-
tion confirms the formation of nano-scale zones of
crystalline TiN dispersed in h-BN matrix material.
The elemental analysis of the grey powder 18 is
consistent with the composition Zr; ¢ B3 N33 Os9
H;o Cpgo- Once again, the oxygen impurity is
relatively high (14 wt%) probably as a result of
oligomer reactivity toward moisture. The infrared
spectrum for the pyrolysis product shows strong
absorptions due to boron nitride at 1377 cm™' and
801 cm™'. The powder X-ray diffraction pattern
shows strong, sharp reflections at d = 2.631, 2.270,
1.614, 1.378 consistent with ZrN [50] and at
d = 2923, 2.541, 1.797, 1.533 ad 1.472 assigned to
ZrHy¢N [51]. A low intensity broad hump also
appears at d = 3.4 which corresponds to t-BN. The
EDS for the powder shows three peaks for Zr. The
SEM of the powder shows formation of irregular
agglomerate particles. The TEM (Fig. 9), however,
shows the formation of blocky nano-scale crystallites

Fig. 9 Transmission electron micrograph for ZrN/ZrH,¢N/BN
composite powder. (Space bar = 10 nm). Reprinted from Ref.
[19], with permission from Elsevier.
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of ZrN/ZrH ¢N, ~5 nm on edge in a BN matrix. It is
also noteworthy that the resolution of the TEM
sample here shows the formation of an ordered
hexagonal BN coating on the Zr nitride particles.

Seyferth and coworkers [52] and Sneddon and
coworkers [53-55] have reported the use of preceramic
polymers [BjoH;,diamine], and (Bs;N3Hy),, respec-
tively, in combination with metals above 1000°C to
form metal nitride/metal boride composites. In partic-
ular, Sneddon noted that polyborazylene completely
reacts with Ti at 1000°C under argon with formation of
TiN/TiB, and crystallization is complete at 1200°C
[45-47]. A similar outcome was also found with Hf
metal although the reaction was not complete until
heated at 1450°C. We have not subjected our samples
to temperatures above 1200°C; however, it appears at
this temperature there is no evidence for the formation
of crystalline borides. It should also be noted, as well,
that the effective metal loadings in our systems are
lower and we have employed a reactive ammonia
pyrolysis atmosphere.

4. CONCLUSION

The results described above show that the
primary amine, 1,3,4,5,6-pentamethyl-2-amino bor-
azine, 3, readily undergoes transamination with
Ti(NMe,), and Zr(NMe,), forming molecular species
distinct in composition and structure from those
provided by the structurally similar aryl amine,
aniline.  Furthermore, the secondary amine
bis(1,3.4,5,6-pentamethylborazinyl) amine, 3’, does
not appear to react with Ti(NMe,), and Zr(NMe,),
under conditions that result in reactivity with diphe-
nylamine. These differences in transamination reac-
tivity between the borazinyl amines and aryl amines
most likely reflect electronic factors that control
nitrogen atom lone pair basicity and proton acidity
for the respective amines. The observed reactivity of 3
and 3" also support the utilization of a primary amine
derivatized poly(borazinylamine) oligomer as a
reagent for composite formation. We have described
the formation of such an oligomer 12. Transamina-
tion reaction chemistry between 12 and Ti(NMe,),
and Zr(NMe,), results in metallated oligomers that
upon pyrolysis produce TiN/BN and ZrN/ZrH, (N/B
N composites in good yield. The composite powders
have a uniform distribution of nano-scale metal
nitride particles in a BN matrix and there is no
evidence for the formation of metal borides under the
conditions explored.
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