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The halogen-free synthesis of oligosilazanes has been observed
upon dehydrocoupling silanes with ammonia at 25 °C using [(>%
iPrPhBDI)Mn(p-H)],. Extending this methodology to polymethyl-
hydrosiloxanes afforded thermally robust polysiloxazane solids,
and the dehydrocoupling of 1,3,5,7-tetramethylcyclotetrasiloxane
with ammonia afforded a polysiloxazane having a weight-average
molecular weight of 4300 g/mol. A representative oligosilazane has
been applied to a copper surface and found to afford a 20 um thick
coating that resists corrosion after 24 h under water. Addition of
ammonia to [(¥6P2PhBDI)Mn(p-H)], allowed for characterization of
the catalyst resting state, [(>¢P2?PPBDI)Mn(u-NH,)],, which has been
found to mediate Si—N dehydrocoupling.

Introduction

Polysilazanes, which feature a repeating Si—N backbone,'can be
cured by moisture to afford corrosion-resistant coatings.? The
most cost-effective polysilazane formulations are produced by
adding NHs to a mixture of Me,SiCl, and MeSiHCl,, which yields
cyclic and linear silazanes (Fig. 1, a) along with one equivalent
of [NH,4][CI] waste for each Si—N bond that is formed.3 It is often
desirable to apply and cure polysilazanes at room temperature,
which requires the addition of 3-triethoxy-1-propanamine as a
crosslinking agent.? The glass-like coatings that are obtained are
indispensable in the transportation industry for extending the
lifetime of metal surfaces.®

The dehydrocoupling of Si—H and N-H bonds is a promising
alternative to chlorosilane ammonolysis that generates H, as a
value-added by-product (Fig. 1, b).58 Well-defined catalysts that
span the periodic table have been developed for Si-H and N-H
dehydrocoupling; however, they have mainly been utilized for
the silylation of primary or secondary amines.8 The coordination
of NH3 can inhibit dehydrocoupling,® and the use of bulky
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tertiary silanes has limited dehydrocoupling to monosilylamine
formation.®10 In a highly influential study, Laine and co-workers
demonstrated that Rus3(CO),, catalyses tetramethyldisilazane
and NH; dehydrocoupling to generate a mixture of cyclic, linear
and branched silazane oligomers with turnover frequencies
(TOFs) of up to 3438 h! relative to Si—H utilization at 90 °C.11 In
subsequent studies, this catalyst was used to dehydrocouple
NH; with Et,SiH,,22 HexSiH3,'3 PhSiH3,13 and H-functionalized
siloxanes.!* In 1991, Eisenberg obtained oligomers upon
coupling NH3 with Me,SiH, using Rh,H,(CO),(dppm),,*® and the
Corriu Group coupled NH; with MePhSiH, in the presence of
[N"Bu,][F] to yield oligocyclosilazanes.'® The following year, Liu
and Harrod used Cp,TiMe; to dehydrocouple NH; to Ph,MeSiH,
PhMeSiH,, and PhSiH3.17 Additionally, NH3 has been coupled to
1,4-bis(dimethylsilyl)benzene to yield a polycarbosilazane!® and
borylated secondary silanes to generate preceramic polymers.1?

— (a) Commercial Organopolysilazanes ——— ~ (c) (BDI)Mn Catalyst

R R
| Optional Additive for
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Fig. 1. (a) Organopolysilazanes, (b) Si—-N dehydrocoupling, and
(c) manganese catalyst 1.

 (b) Catalytic Si-N Dehydrocoupling

Upon preparing?® and evaluating the electronic structure?!
of the B-diketiminate (BDI) manganese hydride dimer, [(%®
iPrPhBD)Mn(p-H)], (1, Fig. 1, c), our laboratory demonstrated
that this compound mediates the dehydrocoupling of NH3; and
SiH, at 25 °C to prepare perhydropolysilazane, a ceramic
precursor commonly used in microelectronics manufacturing.2?
The use of 1 to dehydrocouple PhSiH; and OctSiH3 with diamines
allowed for the deposition of coatings from silane diamine
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polymer solutions; however, drawbacks including a short shelf-
life, cracking, and undesired tackiness were noted.?3 To address
these shortcomings, this contribution expands the scope of Si-H
sources that can be dehydrocoupled to NHs using 1. Rather than
focus on the ceramic applications targeted by Laine!!'4 and
Harrod,'” we demonstrate that Si-N dehydrocoupling can be
used in place of ammonolysis to prepare an oligosilazane that
affords corrosion-resistant coatings at room temperature.

Results and discussion

Starting with the optimized conditions of 1-catalyzed Si—N
dehydrocoupling,?? this study began with the addition of 1 atm
NHs to a thick-walled glass bomb containing PhSiH3; and 1 mol%
1 dissolved in 5 mL THF. Intermittent freeze-pump-thaw cycles
allowed for the removal of H, gas, and excess NH; was removed
under dynamic vacuum after 24 h at 25 °C. After work up of the
reaction in an inert atmosphere glovebox to prevent oxidation,
IH NMR analysis revealed complete PhSiH; consumption (99%
conv.) and a viscous oil identified as 1a was isolated in 95% yield
(Table 1). Similar conversions and yields were noted for the 1-
mediated coupling of NH3 with octylsilane (1b) and
dodecylsilane (1c); however, the latter afforded a waxy solid
rather than an oil. Products 1a-1c are believed to feature -NH,
chain ends along with limited tertiary silicon (R’ = hydrogen) and
tertiary amine environments (R = silane) as judged by 'H NMR
and IR spectroscopic analysis, consistent with the use of excess
NHs.

Table 1. Dehydrocoupling of NH3 with primary, secondary, and
tertiary silanes using 1.9

NH. + 1.0 mol% 1 Oligosilazane/Aminosilane + H
3 THF, 25 °C, 24 h (R =H orsilane, R' = H or amine) 2
R'\ Ph R! §3H17 R CioHos Ph Ph Et\ Et
Bk Rk B RN b,
R 1a R 1b R 1c 1d R 1e
99% (95%) 99% (99%) 99% (98%) 99%” (96%) 89%” (-)
iP{ §iPr EtzN - NEt, Mej —O\ O—SiMe3
T ‘}\n ' ﬁ\n ' \}\n
R 1f:63%" (-) 1g: 67%P (-) 1h; 78%” (-)
Mej \
\ Ph\ Me3Si—0Q, t Mes 70\ b
) R R Me ) R
Ph/ \"\‘/ Ph/ \"\‘/ 3 \O/ \"\‘/ Me3 \O/ \N/R
1:86% () H  1j:54% () H 1k: 96% (94%)° H 11: 76% (-) |L

9Percent conversion relative to silane substrate, with isolated
yields in parentheses. ?Percent Si—H utilization. “‘Obtained as a
12:1 ratio of disilylamine to silylamine.

The 1-mediated formation of polysilazanes from secondary
silanes was then explored. The dehydrocoupling of NH3; and
Ph,SiH, allowed for complete Si—H utilization and the isolation
of 1d as a viscous oil in 96% yield. However, the use of Et,SiH,
(1e), iPr,SiH; (1f), (Et,N),SiH, (1g), or (Me3SiO),SiH; (1h) did not
allow for polysilazane isolation; the observation of unreacted
and partially-coupled silanes with Si—H utilization values ranging
from 63-89% is consistent with short-chain oligomer formation

2| J. Name., 2012, 00, 1-3

(n = 3-7). Although the coupling of tertiary silanes with NHs is
not capable of generating polysilazanes, 1 was used to aminate
these reagents to identify substitution patterns that allow for
siloxane crosslinking. Although complete conversion was not
observed during the formation of 1i-1l, the isolation of 1k in
94% vyield (96% conv.) offered an indication that hydrosiloxanes
could be used for 1-catalysed dehydrocoupling.142425

Due to their moisture sensitivity, the molecular weight
distributions of 1a-1h could not be analyzed by gel permeation
chromatography.?> However, their full solubility in benzene-ds
allowed for weight-average molecular weight (M,,) estimation
via diffusion-ordered NMR spectroscopy (DOSY). The diffusion
coefficients for 1a-1h were obtained by following *H NMR signal
attenuation as a function of pulsed field gradient strength and
the corresponding values are provided in Table 2. These values
were converted into hydrodynamic radii via the Stokes-Einstein
equation and the M,, estimation method described by Grubbs?®
was applied. In general, the molecular weights of 1a-1h were
found to be quite modest. For example, 1a was estimated to
have a M,, of 2300 g/mol, which implies that the average chain
features only 19 silazane units (the repeating units range from
119.20 g/mol if R and R’ are substituents to 121.11 g/mol if R
and R’ = H). Lower M,, values of 450-600 g/mol were noted for
le-1g, further confirming short-chain oligomer formation.
Therefore, 1a-1h are best described as oligomers rather than
polymers.

Table 2. Analysis of 1a-1h by DOSY.

Diffusion

Product  coefficient Hy:rZ.dynalmlc M. .
(1070 m?/s) adius (A) (g/mol)
la 3.208 11.29 2300
1b 4.519 8.01 1200
1c 5.273 6.87 900
1d 6.119 5.92 700
le 6.749 5.37 600
1f 7.37 491 500
1g 7.5 4.83 450
1h 3.79 9.56 1700
3g 2.27 15.95 4300

Molecular weight estimated in benzene-dg at 25 °C using the
standard calibration curve reported by Grubbs.26

Next, the coupling of NH; with polymethylhydrosiloxane
(PMHS) was pursued in an effort to obtain polysiloxazane
surrogates that more closely resemble commercial coatings
than 1a-1d. Adding 1 atm of NH; to a THF solution with 1 mol%
1 and PMHS featuring an average of 24 methylhydrosiloxane
units per chain afforded 2a as a white solid after 24 h at ambient
temperature (Table 3). Likewise, repeating this experiment with
siloxanes possessing an average of 30 (2b), 35 (2c), and 38 (2d)
hydrides per chain yielded the corresponding polysiloxazanes in
good yield. Although each solid was found to possess unreacted
Si—H functionalities by IR spectroscopy, simultaneous thermal
analysis suggested the presence of considerable crosslinking.
For example, thermogravimetric analysis (TGA) of 2a under N,
revealed that only 5% of its original mass was lost upon heating
to 735 °C and 91% was retained upon heating to 1,000 °C

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 7



== -DaltenTransactions - 1

Dalton Transactions

(ceramic yield). Repeating the analysis under O, resulted in
more significant weight loss of 6%, with an inflection point at
498 °C and a correlated differential scanning calorimetry (DSC)
melt feature. Similar thermal properties were observed for 2b-
2d. While these characteristics may be of interest for the
formation of high-temperature ceramics,1*1417.2> the isolation
of 2a-2d as insoluble solids is not useful for coating applications.

Table 3. Dehydrocoupling of NH3 with PMHS using 1.9

NHs + PMHS 1.0 mol% 1 Organopolysiloxazane H,
THF,25°C,24h (R =siloxane, R' = H or siloxane)
lR 2a:n =24,90%
FRN G \s 2b: n =30, 89%
& s & 2c:n =35, 88%
- \o(’ \o’}n ~ 2d: n =38, 86%

9Isolated yields are reported for each solid.

In addition to dehydrocoupling NHs with the linear siloxanes
in Table 3, attempts were made to generate polysiloxazanes
derived from branched and cyclic siloxane precursors. Adding 1
atm of NH;3 to the model substrate, pentamethyldisiloxane, in
the presence of 1 allowed for only 33% Si—H utilization after 24
h (3a, Table 4). Unfortunately, this lack of conversion extended
to the dehydrocoupling of tertiary (3b-3d) and quaternary (3e)
siloxanes featuring terminal hydride functionalities. In contrast,
97% conversion was noted for heptamethylcyclotetrasiloxane
(3f), and 94% Si—H utilization was observed for the perhydro-
variant 1,3,5,7-tetramethylcyclotetrasiloxane (3g). Although 3g
was briefly isolated as an oil, it was found to solidify within 3 h
at ambient temperature. Evaluation of this product by DOSY
revealed a diffusion coefficient of 2.27 x 10 m?/s, a
hydrodynamic radius of 15.95 A, and an estimated M,, of 4300
g/mol.

Table 4. Dehydrocoupling of NH; with dimethylhydrosiloxanes
and cyclic hydrosiloxanes using 1.9

. 1.0 mol% 1 Amii /Organopolysil
Sil _———— 7
NHg + Siloxane THF, 25°C, 24 h (R = siloxane, R' = H or siloxane) Hz
\ NRR \ NRR
g RR' )¢
R\N/SI\O/SI\ O/SI\ “5|/\‘ O/Sl\
3a: 33% (-) [ .O N
A' R"—S" \_Si/ O0—Sj \,S\/
NN , \ '
3R =Me 59% () L = NRR -~/ R
3c: R" = vinyl, 29% (-) oSt 3e: 18% (-) S
P = 0, o o
3d: R" = Ph, 39% (-) NRR' NRR'
N RRN., | o
i— i— 3
AN AN
<|3/ SRR g S —NRR'
—si /O —Si /O
7 No—si 3F:97% (94%) RN 05T 39:94% (91%)
"o R'RN [
NRR'

9Percent conversion of initial Si—H to Si—N with isolated yields in
parentheses. ’Product obtained as a 9:1 ratio of disilylamine to
silylamine.

After evaluating the scope of 1-based ammonia and siloxane
dehydrocoupling, 1a was selected as a representative precursor
for metal surface coating, in this case copper. Repeating the
synthesis of 1a in the absence of solvent resulted in the
formation of a high viscosity silazane oil. This oil was sufficiently

This journal is © The Royal Society of Chemistry 20xx
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thick to inhibit the dip-coating of copper tape; therefore, a 10%
by weight solution in THF was prepared. Upon applying a single
coat under N;, the Cu surface was allowed to dry for 24 h and
then cured in air for 24 h before being analyzed under a
scanning electron microscope (SEM). At 1000x magnification, a
few minor imperfections were observed (an arrow points to one
in Fig. 2, a) across an otherwise uniform surface. Evaluating a
cross-section of the tape (Fig. 2, b) revealed a thickness of 20
um, which is more than sufficient for anti-corrosion applications
(commercial formulations yield 10 um coatings).?3 A single-coat
thickness of this magnitude is not generally accessible from
dilute polysilazane solutions.

Fig. 2. (a) SEM image of Cu dip-coated with 1a and (b) cross-
section at 1000x magnification after 24 h of curing in air.

Fig. 3. (a) SEM image of Cu dip-coated with 1a after curing in air
for 24 h at 1000x magnification. (b) SEM image of cured coating
after being submerged in H,O for 24 h. (c) SEM image of cured
coating after being submerged in 1.0 M HCl for 24 h.

To assess the corrosion resistance of 1la-derived coatings,
additional samples of Cu tape were dip-coated into a 10% by

J. Name., 2013, 00, 1-3 | 3
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weight solution of this oligomer in THF and allowed to cure in
air at 25 °C for 24 h. Upon confirming the presence of a uniform
surface at 1000x magnification (Fig. 3, a), one sample was
submerged in deionized H,0 for 24 h while a second was placed
in 1.0 M HCI. These samples were subsequently removed from
solution and allowed to dry on a kimwipe for 24 h prior to SEM
analysis. Notably, the coated Cu that had been placed in H,O for
24 h was unmodified and no evidence for corrosion was noted
by SEM (Fig. 3, b). The coating that was subjected to 1.0 M HCI
for 24 h remained intact, but SEM analysis revealed roughening
and obvious signs of pitting (Fig. 3, c, marked with arrows). It is
important to note that 1.0 M HCI (pH = 0) is far more acidic than
coatings would experience under environmental conditions
(the transportation and constuction industries rely on
polysilazane coatings to protect steel and other metals from
acid rain, which can have a pH as low as 4).

In prior work, the addition of 1 to solutions featuring an
amine resulted in immediate hydrogen evolution and formation
of the respective amido dimer.?2 These intermediates, including
crystallographically-characterised  [(2¢P2PhBDI)Mn(u-NHiPr)],,
were slightly darker in color than 1 but remained soluble, even
in hydrocarbon solvents such as toluene. Throughout this study,
each time NHs; was added to a bomb containing a THF solution
of 1 and organosilane, a yellow precipitate formed immediately
upon warming the reaction to room temperature. To identify
this precipitate, 0.2 g of 1 was dissolved in THF and NH3 was
added in the absence of silane, allowing for isolation of [(%¢
iPrPhBDI)Mn(p-NH,)]1; (2, Fig. 4) as a yellow powder (90% yield).

%% %s%

/\/\ /\/\

A

Fig. 4. Ammonia activation by 1 to form resting state 2.

1 atm NH3

THF 25°C,1h
-2H;

Recrystallisation of 2 from a low concentration THF solution
at -35 °C afforded crystals suitable for X-ray diffraction. The
solid-state structure of this compound was found to possess a
pseudo-tetrahedral environment around each metal and a
Mn(1)-Mn(1A) distance of 3.0423(12) A (Fig. 5), comparable to
the distance of 3.0487(6) A observed for [(26-P2PhBDI)Mn (-
NHiPr)],.22 Additional metrical parameters are provided in Table
5. Notably, the hydrogen atoms on the bridging NH, moieties of
2 were located in the difference map, confirming that these
ligands are anionic and that the Mn centres are divalent. This
compound was also found to exhibit a magnetic moment of 6.2
Mg at 25 °C, which is consistent with weak coupling between two
high-spin Mn(Il) centres.??

4| J. Name., 2012, 00, 1-3

Fig. 5. Solid-state structure of 2.

Table 5. Bond distances (A) and angles (°) determined for 2.

Bond Length (A) Angle (°)
Mn1-N1 2.111(2) N1-Mn1-N2 90.57(8)
Mn1-N2 2.117(2) N1-Mn1-N3 121.48(9)
Mn1-N3 2.106(2) N1-Mn1-N3A 117.56(8)
Mn1-N3A 2.122(2) N2-Mn1-N3 122.50(8)
Mn1-Mnl1A 3.0423(12) N2-Mn1-N3A 119.96(8)

To confirm that 2 is a catalytically-relevant resting state (as
opposed to a deactivation product), an isolated sample of this
compound was added to excess PhSiH; in THF. To match the
conditions of catalysis in Table 1, this solution was allowed to sit
at room temperature for 24 h, after which time the solvent was
removed and H NMR spectroscopic analysis confirmed the
formation of 1 (Fig. 6, a). To further demonstrate that 2 is
relevant to the catalytic cycle, a THF solution featuring 1 mol%
of isolated 2 relative to PhSiH; was placed in a thick-walled glass
bomb and 1 atm of NH; was added. After 24 h at 25 °C, 1H NMR
spectroscopic analysis revealed >99% PhSiH3; consumption and
the formation of 1a (obtained in 97% isolated vyield, Fig. 6, b).
This observation is noteworthy given that 2 has been found to
catalyse the dehydrocoupling of NH3 and PhSiH; with the same

activity achieved for 1.
/ \H/ \
(b) R‘\fph
- e
PhSHs ThF 25°C, 221 \hz \}\n * M
1a

(e o )
1.0 mol% 2
99% (97%)

__20PhSHs
THF, 25 °C, 24 1 C 24h

NH; +

(R =H or silane, R' = H or amine)

Fig. 6. (a) The conversion of resting state 2 to 1 in the presence
of PhSiHs. (b) The use of 2 as a catalyst for the dehydrocoupling
of NH3 and PhSiHs;.

This journal is © The Royal Society of Chemistry 20xx
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These experiments are consistent with prior mechanistic
analysis of 1-catalysed Si-N dehydrocoupling.?? Following
dissociation of 1 into monomeric hydrides (Fig. 7, with a barrier
of 1.5 kcal/mol),?” o-bond metathesis between Mn—H and an
incoming N-H bond of NHj3 results in the parent amido, (%%
iPrPhBDI)Mn(NH,). Dimerization of this intermediate leads to the
precipitation of 2 (often observed at the bottom of the flask).
However, 2 is believed to reversibly dissociate into monomers
that undergo o-bond metathesis with an incoming Si—H bond to
afford the Si-N product and regenerate (>6P2PhBDI)Mn(H).%?
Since most of the Mn centers activate NH; and then precipitate
to the bottom of the reaction, we believe that only a small
percentage of the catalyst is active at any given time, leading to
far lower TOFs (up to 4 h! per substrate) than those observed
for the 1-mediated dehydrocoupling of silanes and diamines
(300 s1).24

4

1.5 keal/mol

Fig. 7. Proposed NH; dehydrocoupling mechanism using 1 or 2.

Conclusions

The ability of 1 to dehydrocouple NH; to silane and siloxane
reagents at 25 °C has been described, representing the broadest
Si—-N dehydrocoupling scope for NH; explored to date. This
methodology has proven to be effective for the preparation of
oligosilazanes when using primary and secondary silanes and
crosslinked polysiloxazane solids when using PMHS. Notably, a

This journal is © The Royal Society of Chemistry 20xx
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representative oligosilazane product has been applied to a
metal surface and cured to afford coatings that are comparable
to commercial polysilazane coatings in appearance, thickness,
and resistance to corrosion upon exposure to water. This
contribution positions Si—-N dehydrocoupling as a sustainable,
halogen-free approach to preceramic coating synthesis.
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