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ABSTRACT: Boranes featuring bulky hypersilyl or supersilyl groups, and/or sterically unencumbered trimethylgermyl substituents, 

were synthesized for investigation as potential precursors for ALD of elemental boron. The envisaged ALD process would employ a 

boron trihalide co-reactant, exploiting the formation of strong silicon-halogen and germanium-halogen bonds as a driving force. The 

alkali metal silyl and germyl compounds hypersilyl lithium, {(Me3Si)3Si}Li(THF)3 (1),  supersilyl sodium, (tBu3Si)Na(THF)n (2; n = 

2-3), and trimethylgermyl lithium, {Me3GeLi(THF)2}2 (3), were used for the synthesis of the silyl- and germyl-substituted boranes 

in this work. Compounds 1 and 2 were synthesized as previously reported, and compound 3 was isolated from the reaction of trime-

thylgermane with tert-butyl lithium. Compounds 2 and 3 were crystallographically characterized. Reaction of B(NMe2)Cl2 with two 

equiv. of 1 afforded previously reported {(Me3Si)3Si}2B(NMe2) (4), whereas reactions of B(NMe2)Cl2 or {B(NMe2)F2}2 with excess 

2 only afforded the mono-silyl boranes (tBu3Si)B(NMe2)X {X = Cl (5) and F (6)}. Reaction of 5 with 0.5 equivalents of 

{Me3GeLi(THF)2}2 (3) provided the first example of a mixed silyl/germyl-substituted borane, (tBu3Si)(Me3Ge)B(NMe2) (7). Attempts 

to synthesize (Me3Ge)2B(NMe2) from the 1:1 reaction of B(NMe2)Cl2 with {Me3GeLi(THF)2}2 afforded a mixture of two major 

products, one of which was identified as the tri(germyl)(amido)borate {(Me3Ge)3B(NMe2)}Li(THF)2 (8); compound 8 was isolated 

from the 1:1.5 reaction. Reaction of more sterically encumbered B(TMP)Cl2 with one equivalent of {Me3GeLi(THF)2}2 afforded the 

di(germyl)(amido)borane (Me3Ge)2B(TMP) (9). Boranes 4, 7 and 9, and borate 8, were crystallographically characterized. The ther-

mal stability and volatility of boranes 4, 7 and 9 was evaluated, the solution reactivity of 4 and 7 with boron trihalides was assessed, 

and ALD was attempted using 4 in combination with BCl3 and BBr3 at 150 and 300 °C. 

INTRODUCTION  

Ultra-thin films of elemental boron have a range of applications, 

including as barrier layers on silicon,1 as layers in single-photon 

avalanche diodes for UV2 and low-energy electron3,4 detection, 

in neutron detectors,5 and as etch-resistant films in micro-ma-

chining.6,7 Furthermore, methods for elemental boron deposi-

tion have applications in doping of group 14 element-containing 

films (e.g. Si,8 SiGe,9,10 GeSn,11,12 SiGeSn,13 graphene,14,15 dia-

mond16-18) during microelectronic device or solar cell fabrica-

tion, and the synthesis of borophene (a 2D material composed 

of a crystalline monolayer of boron).19,20 These applications typ-

ically employ chemical vapour deposition (CVD) or physical 

vapour deposition (PVD; e.g. evaporation, sputtering and mo-

lecular beam epitaxy) methods.21 For CVD, highly toxic B2H6 

is commonly used as the boron source, typically with deposition 

temperatures between 350 °C and 700 °C for plasma-free dep-

osition.22 Boron CVD using other precursors, such as BCl3 in 

combination with H2 at temperatures above 750 °C, has also 

been reported.23 

Atomic layer deposition (ALD)24 is an alternative deposi-

tion technique that can provide access to thin films that are more 

uniform and conformal than those accessible using other film 

growth methods. In addition, ALD is typically carried out at 

lower temperatures than those employed for CVD (e.g. 100-

300 °C), making it compatible with a broader range of sub-

strates. ALD relies upon self-limiting surface-based reactions 

between a precursor molecule and a co-reactant, which are de-

livered to the substrate surface in the vapour/gas phase, sepa-

rated by inert gas purge steps. However, while ALD methods 

have been developed for several main group elements,25 ALD 

of elemental boron has not yet been achieved.26 

This work focuses on the synthesis of silyl- and germyl-

substituted amidoboranes, (R3E)2B(NR'2) (E = Si or Ge), and 

investigation of their suitability as precursors, in combination 

with boron trihalides as co-reactants, for ALD of elemental bo-

ron. The general process envisaged for ALD of elemental boron 

is outlined in Scheme 1, and can be considered to involve (a) 

conversion of (R3E)2B(NR'2) to (R3E)2BX (X = Cl or Br) via 

reaction with BX3, generating B(NR'2)X2 as a volatile byprod-

uct, and (b) reaction of (R3E)2BX with BX3 in a 3:1 ratio to af-

ford 4 equivalents of elemental boron and 6 equivalents of 

R3EX. Boron trichloride is commonly used to convert 



 

amidoborane compounds to chloroboranes,27-35 and analogous 

reactivity has also been reported with BBr3,
36-40 so step (a) has 

ample precedent. Step (b) mirrors reactivity that has previously 

been used for ALD of elemental antimony (Sb(SiR3)3 + SbCl3 

→ 2 Sb(s) + 3 R3SiCl; R = Me or Et), which relies upon the 

thermodynamically favourable formation of silicon-chlorine 

bonds as a driving force.41,42 Analogous reactivity has also been 

reported for ALD of a range of binary materials, including ESb 

(E = Al or Ge),42 E2Se3 (E = In or Bi),43 Cu2Se,43 MoSe2,
44 ETe 

(E = Ge or Zn),43 and E2Te3 (E = Sb or Bi).43,45 Furthermore, the 

silyldihaloboranes (tBu3Si)BX2 (X = Cl and Br) have been re-

ported to eliminate tBu3SiX slowly at room temperature to af-

ford unidentified boron subhalides.46 Examples of R3GeX elim-

ination from a germyl-substituted haloborane have not been re-

ported, to the best of our knowledge. However, thermal ALD 

processes involving germyl halide elimination have been devel-

oped. For example, Me3GeCl was generated as a byproduct in 

GeTe2 ALD utilizing GeCl4 and Te(GeMe3)2.
47 Additionally, 

nickel and gold ALD relying upon Me3GeCl elimination (in re-

actions of [NiCl2(PEt3)2]
48 or [AuCl(PEt3)]

49 with 1,4-bis(trime-

thylgermyl)-1,4-dihydropyrazine) has been described, and, in 

the case of nickel, was successful when analogous reactivity re-

lying upon Me3SiCl elimination was not. It is important to note 

that the envisaged chemistry (Scheme 1) requires two si-

lyl/germyl groups in the borane precursor, and a similar scheme 

leading to elemental boron cannot be constructed for a mono(si-

lyl/germyl)borane. 

 

Scheme 1. Potential reactivity for boron ALD using 

(R3E)2B(NR'2) precursors (E = Si or Ge) in combination with a 

boron trihalide (BX3; X = Cl or Br) co-reactant. (Note: surface-

based reactivity will be more complex than that depicted in the 

scheme, which is meant to illustrate key reaction steps) 

 

 

 

To be suitable for ALD, precursors must be sufficiently volatile, 

thermally stable, and reactive towards the desired co-reactant. 

Silyl-and germyl-substituted boranes bearing one dimethyl-

amido group, (R3E)2B(NR'2) (E = Si or Ge), were targeted in 

this work, rather than tri(silyl/germyl)boranes, B(ER3)3, since 

they are expected to be more thermally robust as a result of elec-

tronic stabilization (π-donation from nitrogen to boron).50,51 Si-

lyl and germyl groups of differing steric bulk (extremely bulky 

SitBu3 and Si(SiMe3)3, and sterically unencumbered GeMe3) 

were investigated in order to probe the effects of steric bulk on 

thermal stability, volatility and reactivity. Trimethylgermyl 

substituents were employed rather than trimethylsilyl substitu-

ents because {(Me3Ge)Li(THF)2}2 can be prepared in good 

yield (vide infra) without the use of highly toxic organomercury 

reagents. By contrast, trimethylsilyllithium is only accessible 

via [Hg(SiMe3)2],
52 or as an adduct with strongly coordinating 

hexamethylphosphoramide (HMPA) or tris(N,N-tetrameth-

ylene)phosphoric triamide (TPPA).53,54 

It is also notable that boranes bearing a combination of 

bulky silyl and sterically unencumbered trimethylgermyl 

groups may be particularly suitable as ALD precursors since 

bulky silyl groups can be expected to impart thermal stability, 

while the less-hindered B-GeMe3 linkages can serve as sites for 

initial reactivity. Furthermore, these boranes can be expected to 

be more volatile than boranes bearing only bulky silyl groups 

due to their lower molecular weight. To the best of our 

knowledge, there are less than a dozen di(silyl/germyl)am-

idoboranes reported in literature,50,52,55-60 and only 4 have been 

crystallographically characterized (Table 1). 

RESULTS & DISCUSSION 

Synthesis and Structures of Alkali Metal Silyl and Germyl 

Compounds. The alkali metal silyl and germyl compounds 

hypersilyl lithium, {(Me3Si)3Si}Li(THF)3 (1),  supersilyl so-

dium, (tBu3Si)Na(THF)n (2; n = 2-3), and trimethylgermyllith-

ium, {Me3GeLi(THF)2}2 (3), were used for the synthesis of the 

silyl- and germyl-substituted boranes in this work (vide infra). 

Hypersilyllithium (1) was prepared in two steps from SiCl4 and 

Me3SiCl as previously reported,61 and supersilyl sodium (2) was 

prepared via the multistep synthesis reported by Wiberg and 

coworkers.62 THF-solvated trimethylgermyllithium (3) was 

prepared by deprotonation of Me3GeH with tBuLi in THF at –

20 C, and was isolated as a pyrophoric white solid in 82% 

yield. This synthesis is based on an in situ synthesis described 

by E. Piers et al.63 Solid 3 is stable under argon for several days 

at 20 °C, and months at –30 C, but decomposes entirely over 

several hours under vacuum, presumably due to loss of THF 

followed by rapid decomposition (solutions of base-free Li-

GeMe3 in pentane, prepared from Hg(GeMe3)2 and activated 

lithium, are reported to require storage in the dark at –30°C).64 

Single crystals of (tBu3Si)Na(THF)2 (2) were grown from 

a saturated hexanes solution stored at –30 C (Figure 1), reveal-

ing a monomeric structure with a coordination number of three 

at sodium. The sum of C-Si-C angles in the tBu3Si- groups (avg. 

318.4) is larger than the sum of Si-Si-Si angles in the previ-

ously reported crystal structure of 1 (307.2(1)),61 consistent 

with the increased steric bulk of supersilyl versus hypersilyl 

substituents. This structure of 2 (space group P21/c) is compa-

rable to the previously reported structure (space group P-1),62 

including similar close contacts (≥2.768 Å) between sodium and 

the hydrogen atoms of the SitBu3 group in a neighbouring mol-

ecule.  

X-ray quality crystals of {Me3GeLi(THF)2}2 (3) were ob-

tained from hexanes at –30 °C, revealing a dimeric structure, 

with trimethylgermyl anions bridging between the lithium cen-

tres (Figure 2). The Li2Ge2 core is rhombohedral, with acute Li–

Ge–Li and obtuse Ge–Li–Ge angles (59.37(9) and 120.63(9)°, 

respectively). The Li(1)–Ge(1) and Li(1)–Ge(1') distances in 1 

are 2.731(3) and 2.745(2) Å. A related dimeric structure was 

reported for {(tBuMe2Si)2HGe)Li(THF)}2, but in this case the 

H substituents on germanium bridge between Ge and Li, and 

the Li–Ge distances are shorter (2.650(6) and 2.675(6) Å).65 

Shorter Li–Ge distances were also observed in the monomeric 

tris(hydrocarbyl)germyl lithium compound PhtBuMe-

GeLi(sparteine) (2.57(2) Å),66 as well as in monomeric 

Ph2(Me3Ge)GeLi(THF)3 (2.683(8) Å)67 and 

(Me3Si)3GeLi(THF)3 (2.666(6) Å),68 and trimeric 

[{(Me3Si)3Ge}Li]3 (2.61(1)-2.62(1) Å).69 However, the Li–Ge 



 

distances in 3 are comparable to those in Ph3GeLi(THF)(tmeda) 

(2.732(6) Å) and Ph3GeLi(OEt2)3 (2.758(8) Å).56,70 The elon-

gated Ge–Li distances in 3 are presumably due to the dimeric 

structure, combined with a coordination number of four at lith-

ium (the coordination number of lithium is 2 or 3 in the afore-

mentioned dimeric or trimeric germyl compounds). The sum of 

the C–Ge–C angles for each of the germyl groups in 4 is 

295.7(2), which is slightly less than that in the aforementioned 

bulky tris(hydrocarbyl)germyl lithium compound (303.2(1)°). 

 

 

Figure 1. X-ray crystal structure of (tBu3Si)Na(THF)2 (2) with el-

lipsoids at 50% probability. Space group P21/c. R1 = 0.0541. Only 

one of three independent molecules in the unit cell is shown. Each 

of the molecules displayed disorder at the carbon atoms of the THF 

rings and/or the methyl carbons of the tert-butyl groups; in each 

case, only the major disorder component (>50%) is shown. All hy-

drogen atoms have been omitted for clarity. Select bond distances 

(Å) and angles (): Na(1)-Si(1) 2.912(1); Na(1)-O(1) 2.294(2); 

Na(1)-O(2) 2.286(2); C(1)-Si(1)-C(5A) 100.8(1); C(5A)-Si(1)-

C(9A) 105.0(2); C(9A)-Si(1)-C(1) 109.5(1). 

 

Figure 2. X-ray crystal structure of {Me3GeLi(THF)2}2  (3) with 

ellipsoids at 50% probability. Space group P-1. All hydrogen atoms 

have been omitted for clarity. R1 = 0.0237. Select distances (Å) and 

angles (): Ge(1)-Li(1) 2.731(3); Ge(1)-Li(1') 2.745(2); 

Ge(1)∙∙∙Ge(1') 4.7579(8); Li(1)∙∙∙Li(1') 2.712(4); Li(1)-O(1) 

1.942(3); Li(1)-O(2) 1.937(3); Li(1)-Ge(1)-Li(1') 59.37(9); Ge(1)-

Li(1)-Ge(1') 120.63(9); O(1)-Li(1)-O(2) 102.8(1); C(1)-Ge(1)-

C(2) 96.72(7); C(1)-Ge(1)-C(3) 99.82(7); C(2)-Ge(1)-C(3) 

99.18(7).  

Synthesis and Structures of Silyl and Germyl Boranes. The 

reaction of dichloro(dimethylamido)borane with two equiva-

lents of 1 afforded previously reported {(Me3Si)3Si}2B(NMe2) 

(4; Scheme 2),57 which was crystallized from a concentrated 

hexanes solution at –30 C in 90% yield. In the solid state, com-

pound 4 (Figure 3; the solid-state structure of 4 has not previ-

ously been reported) features a 3-coordinate boron center bound 

to the dimethylamido group and two hypersilyl groups in a trig-

onal planar geometry, with the sum of angles totaling 360.0. 

The most obtuse angle about the boron center is that between 

the two bulky hypersilyl groups (129.9(4)). The B-Si bond dis-

tances in 4 (2.075(8) and 2.099(7) Å) are within the range re-

ported for other silylboranes (1.851(3)-2.131(2) Å),71 and the 

B–N bond distance (1.423(9) Å)  is comparable to those in other 

(dimethylamido)borane compounds (1.360(2)-1.451(4) Å),72 

indicative of appreciable double bond character between B and 

N, despite rotation of the CNC plane by 18.7 relative to the 

SiBSi plane to accommodate the steric bulk of the hypersilyl 

groups. However, it is notable that the NMe2 group in 4 is ro-

tated out of the EBE (E = Si or Ge) plane to a lesser degree than 

in the other structurally characterized (R3E)2B(NR'2) com-

pounds, (Ph3Ge)2B(TMP) (TMP = tetramethylpiperidinyl),56 

{(Me3Si)2Si(SiMe2)2Si(SiMe3)2}B(TMP)59 and 

{Ph2Si(SiMe2)nSiPh2}B(TMP) (n = 2 or 3),60 all of which bear 

a sterically bulky TMP group (see Table 1).  

 

Scheme 2. Synthesis of the silyl- and germyl-substituted am-

idoboranes, {(Me3Si)3Si}2B(NMe2) (4), (tBu3Si)B(NMe2)Cl 

(5), (tBu3Si)B(NMe2)F (6), and (tBu3Si)(Me3Ge)B(NMe2) (7). 

 

 

 

In an attempt to synthesize bis(supersilyl)(dimethylamido)bo-

rane (the supersilyl analogue of 4), B(NMe2)Cl2 was reacted 

with 2 equivalents of (tBu3Si)Na(THF)n. However, this reaction 

only installed one supersilyl group on boron, even after 48 hours 

at 80 °C, forming (tBu3Si)B(NMe2)Cl (5) as a clear and colour-

less oil. This outcome can be attributed to the greater steric bulk 

of supersilyl versus hypersilyl substituents, and 5 was isolated 

in 72% yield from the reaction of B(NMe2)Cl2 with ≥1.25 

equivalents of (tBu3Si)Na(THF)n (mild heating was required to 

consume less-reactive {B(NMe2)Cl2}2 present in the solution of 

B(NMe2)Cl2). Compound 5 afforded an 11B{1H} NMR signal at 

41.61 ppm, which is similar to that of other reported silylami-

dohaloboranes (40.7-48.4 ppm).52,55,59,73,74 

 

 



 

The reaction of {B(NMe2)F2}2 with 2 equivalents of 

(tBu3Si)Na(THF)n was also attempted to explore whether the 

target bis(supersilyl)(dimethylamido)borane might be accessi-

ble due to the greater lattice enthalpy of sodium fluoride versus 

sodium chloride.75 However, this reaction only afforded 

(tBu3Si)B(NMe2)F (6), which was isolated in 93% yield via the 

reaction of {B(NMe2)F2}2 with 1.5 equivalents of the supersi-

lylsodium reagent at room temperature. 

 

  

Figure 3. X-ray crystal structure of {(Me3Si)3Si}2B(NMe2) (4) 

with ellipsoids at 50% probability. Space group Pn. R1 = 0.0626. 

All hydrogen atoms have been omitted for clarity. Select bond 

lengths (Å) and angles (): B(1)-N(1) 1.423(9); B(1)-Si(1) 

2.075(8); B(1)-Si(5) 2.099(7); N(1)-C(1) 1.475(8); N(1)-C(2) 

1.475(8); Si(1)-B(1)-Si(5) 129.9(4); Si(5)-B(1)-N(1) 114.3(5); 

N(1)-B(1)-Si(1) 115.7(5); C(1)-N(1)-C(2) 109.6(5). 

 

The mixed silyl- and germyl-substituted amidoborane, 

(tBu3Si)(Me3Ge)B(NMe2) (7), was prepared from the 2:1 reac-

tion between (tBu3Si)B(NMe2)Cl (5) and {Me3GeLi(THF)2}2 

(2) at room temperature. To isolate pure 7 from this reaction, it 

was found to be critical that B(NMe2)Cl2 be completely con-

sumed during the preparation of 5, as trace amounts of remain-

ing {B(NMe2)Cl2}2 resulted in the formation of a product with 

an 11B{1H} NMR chemical shift of –13 ppm, which was identi-

fied as {(Me3Ge)3B(NMe2)}Li(THF)2 (8, vide infra). 

During isolation of 7, single crystals formed within the oil 

(the crude reaction product) remaining after centrifugation of 

the reaction mixture and removal of volatiles. The X-ray crystal 

structure of 7 features two independent molecules in the unit 

cell, each with a 3-coordinate boron center bound to the dime-

thylamido, supersilyl, and trimethylgermyl groups in a trigonal 

planar geometry (Figure 4). The B-N bond distances (1.39(1) Å 

in both independent molecules) fall within the range for other 

(R3E)2B(NR'2) compounds (Table 1), and the CNC/EBE inter-

planar angles (6.5 and 12.6) are the smallest in Table 1. 

Given the successful synthesis of {(Me3Si)3Si}2B(NMe2) 

(4) and (tBu3Si)(Me3Ge)B(NMe2) (7), we were interested to de-

termine whether less sterically encumbered (Me3Ge)2B(NMe2) 

might be accessible. Therefore, the NMR-scale reaction be-

tween B(NMe2)Cl2 and 1 equivalent of {Me3GeLi(THF)2}2 (3) 

was carried out, resulting in the rapid formation of a white pre-

cipitate and a mixture of species in the 11B{1H} NMR spectrum, 

including two major peaks: a broad peak at 45 ppm and a sharp 

peak at –12 ppm. The same two products were formed via slow 

addition of a solution of {Me3GeLi(THF)2}2 (1 equiv.) to 

B(NMe2)Cl2 at –78 °C, and all attempts to isolate the compound 

that gave rise to the peak at 45 ppm were unsuccessful. 

 

Figure 4. X-ray crystal structure of (tBu3Si)(Me3Ge)B(NMe2) (7) 

with ellipsoids at 50% probability. Space group Pna21. R1 = 

0.0970. Only one of two independent molecules in the unit cell is 

shown. All hydrogen atoms are omitted for clarity. Select bond 

lengths (Å) and angles (): B(1)-N(1) 1.39(1); B(1)-Si(1) 2.12(3); 

B(1)-Ge(1) 2.15(3); N(1)-C(1) 1.40(3); N(1)-C(2) 1.44(3); Si(1)-

B(1)-Ge(1) 129.8(8); Ge(1)-B(1)-N(1) 109.5(17); N(1)-B(1)-Si(1) 

120.6(18); C(1)-N(1)-C(2) 105.2(16). 

 

The reaction between B(NMe2)Cl2 and 3 was repeated on a 

larger scale using a 1:1.5 ratio of the reactants (Scheme 3), and 

after removal of volatiles in vacuo, dissolution in pentane and 

filtration, colourless needle crystals suitable for X-ray diffrac-

tion studies grew from the supernatant at –30 C. This product, 

with a 11B NMR chemical shift of –13 ppm, was determined to 

be the lithium borate {(Me3Ge)3B(NMe2)}Li(THF)2 (8; Figure 

5), in which the solvated lithium cation forms a contact ion pair 

with the amido group on boron. However, the quality of the 

crystallographic data is insufficient for more detailed discus-

sion. Related reactivity has been reported by Nöth and cowork-

ers, who found that reactions of BMe3-n(OMe)n (n = 1-3) with 

trimethylsilyl lithium in varying stoichiometries afforded lith-

ium silylborate salts, Li[BMe3-n(SiMe3)n+1] (n = 1-3), rather than 

BMe3-n(SiMe3)n boranes.76,77 

 

Scheme 3. Synthesis of the tri(germyl)(amido)borate 

{(Me3Ge)3B(NMe2)}Li(THF)2 (8) and the di(germyl)(am-

ido)borane (Me3Ge)2B(TMP) (9). 

 

 

 



 

  

 

Figure 5. X-ray crystal structure of {(Me3Ge)3B(NMe2)}Li(THF)2 

(8) with ellipsoids at 50% probability. Space group P1. R1 = 

0.0668. Only one of six independent molecules in the unit cell is 

shown. Two of the molecules displayed disorder at the carbon at-

oms of the trimethylgermyl groups. All hydrogen atoms have been 

omitted for clarity. Select bond distances (Å) and angles (): Ge(1)-

B(1) 2.07(2); Ge(2)-B(1) 2.10(2); Ge(3)-B(1) 2.12(2); B(1)-N(1) 

1.68(2); N(1)-C(1) 1.42(2); N(1)-C(2) 1.44(2); N(1)-Li(1) 1.96(3); 

Li(1)-O(1) 2.00(4); Li(1)-O(2) 2.02(3); Ge(1)-B(1)-Ge(2) 

106.9(8); Ge(2)-B(1)-Ge(3) 105.3(7); Ge(3)-B(1)-Ge(1) 

107.1(10); B(1)-N(1)-Li(1) 97.3(13); C(1)-N(1)-C(2) 112.1(15); 

N(1)-Li(1)-O(1) 118.2(18); N(1)-Li(1)-O(2) 124.6(18).  

 

In contrast to the aforementioned reactions with B(NMe2)Cl2, 

reaction of bulkier B(TMP)Cl2 (TMP = 2,2,6,6-tetramethylpi-

peridinyl) with 1 equivalent of {Me3GeLi(THF)2}2 (3) afforded 

the target di(germyl)(amido)borane, (Me3Ge)2B(TMP) (9; 

Scheme 3). Compound 9 gives rise to broad singlet in the 
11B{1H} NMR spectrum at 63.52 ppm, and X-ray quality crys-

tals were obtained from a concentrated pentane solution at –30 

C. The structure of 9 (Figure 6) contains two independent mol-

ecules in the unit cell, each with the sum of the angles about 

boron totaling 360.0. The B-N distances in compound 9 

(1.397(4) and 1.396(4) Å in the two independent molecules) are 

equivalent within error to that in previously reported 

(Ph3Ge)2B(TMP), (1.409(3) Å). However, the CNC/GeBGe in-

terplanar angles in 9 (18.3 and 20.4) are significantly less than 

that in the more sterically hindered triphenylgermyl analogue 

(34.5). 

 

Borane Volatility and Thermal Stability. The volatility and 

thermal stability of {(Me3Si)3Si}2B(NMe2) (4) was assessed to 

determine its potential viability as an ALD precursor. Pure 4 

sublimed cleanly at 85 C at a pressure of 10 mTorr. The ther-

mal stability of 4 was evaluated by heating a pure solid sample 

in a J. Young NMR tube under static argon for 24 hours, fol-

lowed by 1H NMR spectroscopy in C6D6. These tests revealed 

that 4 is stable for 24 hours at 155 C (higher temperatures were 

not investigated). Thermogravimetric analysis (TGA) of 4 was 

also carried out between 40 and 400 C (Figure 7), revealing a 

T50% temperature (the temperature at which 50% of the sample 

mass has been lost) of 274 C. The single mass loss step in the 

TGA and the low residual mass above 300 °C (1-2%) is con-

sistent with clean volatilization and thermal stability on the 

timescale of the TGA experiment. 

  

Figure 6. X-ray crystal structure of (Me3Ge)2B(TMP) (9) with el-

lipsoids at 50% probability. Space group P21/c. R1 = 0.0355. Only 

one of two independent molecules in the unit cell is shown. All hy-

drogen atoms have been omitted for clarity. Select bond lengths (Å) 

and angles (): B(1)-N(1) 1.397(4); B(1)-Ge(1) 2.122(3); B(1)-

Ge(2) 2.131(3); N(1)-C(1) 1.523(4); N(1)-C(2) 1.527(4); Ge(1)-

B(1)-Ge(2) 104.9(1); Ge(2)-B(1)-N(1) 127.2(2); N(1)-B(1)-Ge(1) 

127.9(2); C(1)-N(1)-C(2) 114.7(2). 

 

Table 1. 11B NMR chemical shifts, B-N bond distances, and 

CNC/EBE interplanar angles for crystallographically character-

ized (R3E)2B(NR'2) boranes, where E is Si or Ge.  

Compound 

11B NMR 

Chemical 

Shift 

(ppm) 

B-N 

Distance 

(Å) 

Interplanar 

Angle () 

(Ph3Ge)2B(TMP)56 
64.0 

(C6D6) 
1.409(3) 34.5 

{(Me3Si)2Si-(SiMe2)2-

(Me3Si)2Si}B(TMP)59 

72.1 

(C6D6) 
1.406(7) 40.4 

{Ph2Si-(SiMe2)2-Ph2Si} 

B(TMP)60 

63.77 

(CD2Cl2) 
1.408(2) 31.6 

{Ph2Si-(SiMe2)3-Ph2Si} 

B(TMP)60 

66.30 

(CD2Cl2) 
1.409(3) 36.1 

{(Me3Si)3Si}2 

B(NMe2) (4) 

60.65 

(C6D6) 
1.423(9) 18.7 

(tBu3Si)(Me3Ge) 

B(NMe2) (7) 

59.88 

(C6D6) 

1.39(1), 

1.39(1) 
6.5, 12.6 

(Me3Ge)2B(TMP) (9) 
63.52 

(C6D6) 

1.397(4), 

1.396(4) 
18.3, 20.4 

 

 

In comparison to compound 4, (tBu3Si)(Me3Ge)B(NMe2) (7) is 

more volatile, and distilled at 45 C at a pressure of 10 mTorr. 

Compound 7 also has the advantage24,78,79 of a melting point 

near room temperature (~40 °C). Thermal stability tests (con-

ducted as described above for compound 4) demonstrated that 

7 is stable for 24-hour periods at 95 C in the absence of light. 

However, 7 was significantly decomposed (~50%; presumably 



 

due to autocatalytic decomposition) after 5 days at 95 C, 

demonstrating diminished thermal stability relative to 4. A neat 

sample of 7 heated at 95 °C for 6 days under partial pressure 

was found to form (tBu3Si)B(NMe2)(CH3) as the major soluble 

product (Figures S36-43; the same compound was formed via 

the reaction of 5 with 1 equiv. of MeLi), accompanied by an 

unidentified white precipitate.¶ TGA of 7 (Figure 7) revealed a 

T50% temperature of 194 C but the rate of mass loss decreased 

significantly above 200 °C, and the TGA profile is suggestive 

of a combination of volatilization and thermal decomposition. 

However, it is notable that only 1.5% of the original mass re-

mained at 400 °C, indicating that the decomposition products 

volatilize at elevated temperature.   

 

 

Figure 7. TGA of {(Me3Si)3Si}2B(NMe2) (4) and 

(tBu3Si)(Me3Ge)B(NMe2) (7). Ramp rate = 10 C/min; starting 

weights = 3.481 mg (4), 3.306 mg (7).  

 

In contrast to 4 and 7, compound 9 partially decomposed during 

attempted sublimation at 70 °C and 10 mTorr, and completely 

decomposed after heating in the dark at 110 C for 24 hours. 

TGA was not obtained due to the poor thermal stability of 9. 

Decreasing thermal stability in the order 4 > 7 > 9 highlights the 

ability of bulky silyl groups to enhance the thermal stability of 

di(silyl/germyl)(amido)boranes.  

 

Reactivity of Germyl- and Silyl-substituted Boranes. Solu-

tion reactions between 4 and excess BCl3 (in heptane) or BBr3 

were conducted and monitored by 1H and 11B{1H} NMR spec-

troscopy (and in some cases 13C{1H} and 29Si-1H HMBC NMR 

spectroscopy), and the results are summarized in Table S3 in 

the supporting information. The reaction of 4 with BCl3 resulted 

in slow consumption of 4 at room temperature to form a mixture 

of soluble products, including B(NMe2)Cl2, {B(NMe2)Cl2}2, 

and {(Me3Si)3Si}BCl2 (confirmed based on their 1H and 11B 

NMR peak positions, which are 2.38 and 30.9 ppm, 2.19 and 

10.4 ppm, and 0.26 and 79.2 ppm, respectively). However, 

(Me3Si)3SiCl (13C NMR δ –0.52 ppm, 29Si NMR δ –12.51 and 

–11.5 ppm) was not observed. The reaction of 4 with BBr3 pro-

ceeded analogously, but the only identified product was 

B(NMe2)Br2 (
1H and 11B NMR chemical shifts of 2.34 and 25.6 

ppm, respectively), and (Me3Si)3SiBr (1H NMR δ 0.29 ppm) 

was not observed.† Both reactions also afforded an unidentified 

byproduct with an 11B NMR chemical shift of 62.23 or 62.92 

ppm, respectively. The substantial number of minor products 

from these reactions, especially the latter reaction, may indicate 

some degree of Si-Si bond cleavage within the hypersilyl lig-

and. 

Solution reactions of 7 with excess BCl3 or BBr3 were also 

investigated. Compound 7 reacted rapidly (within 10 minutes) 

with both boron trihalides, and multiple products (~5) were 

formed in each of these reactions. In the reaction with BCl3, 

identified products were B(NMe2)Cl2, {B(NMe2)Cl2}2, 

(tBu3Si)BCl2, and tBu3SiCl,  whereas Me3GeCl was not ob-

served (13C{1H} NMR δ 4.56 ppm). In the reaction of 7 with 

BBr3, the products B(NMe2)Br2, (tBu3Si)BBr2, and tBu3SiBr 

were identified, while Me3GeBr (1H NMR  0.51 ppm) was not 

present.† Similar to reactions with 4, both reactions with 7 af-

forded an unidentified room-temperature-volatile byproduct 

with an 11B NMR chemical shift of 62.24 or 62.92 ppm, respec-

tively. The reaction of 7 with BBr3 also afforded an off-white 

precipitate which was soluble in THF. However, attempts to 

identify or crystallize this product were unsuccessful.‡ 

The formation of {B(NMe2)X2}n (X = Cl or Br) in these 

reactions implies that step 1 in Scheme 1 proceeds as intended. 

However, the observation of {(Me3Si)3Si}BCl2 and 

(tBu3Si)BX2 (X = Cl or Br) suggests that the (R3E)2BX product 

from step 1 undergoes substituent redistribution with BX3 to af-

ford (R3E)BX2, in preference to R3EX elimination. Neverthe-

less, the formation of tBu3SiX in reactions of 7 with BX3 (X = 

Cl or Br) indicates that R3SiX reductive elimination can take 

place, possibly from (tBu3Si)BX2 as previously described.46  

Although the solution reactions of 4 or 7 with boron tri-

halides did not afford elemental boron, ALD reactions are typi-

cally carried out at higher temperature than solution reactions, 

which may promote the R3EX (E = Si or Ge; X = Cl or Br) 

elimination required in step 2 of Scheme 1. Furthermore, in 

each cycle of an ALD process, the surface is sequentially sup-

plied with an excess of the precursor (e.g. 4 or 7) and then the 

co-reactant (BX3 in this work), which can lead to a different re-

action outcome compared to solution reactivity, where the ratio 

of the reactants does not typically oscillate over the course of 

the reaction. It is also notable that deviations between solution 

and ALD reactivity can arise from the requirement for adsorp-

tion of the precursor and/or co-reactant on the substrate surface 

during film growth in ALD, and differences in the structure and 

reactivity of surface species formed during ALD relative to in-

tact molecules in solution reactions. Furthermore, in ALD, re-

action byproducts must be volatile in order to generate a film of 

reasonable purity whereas in solution deposition reactions they 

must be soluble, and in solution reactions, unlike ALD reac-

tions, precipitation of an oligomeric/polymeric inorganic prod-

uct can occur prior to complete reaction (e.g. before complete 

removal of the ligands present in the precursor), hindering fur-

ther reactivity. 

Consequently, ALD reactor studies using more thermally 

robust 4 in combination with BCl3 or BBr3 were carried out us-

ing both 100 nm SiO2 on Si (SiO2/Si) and hydrogen-terminated 

silicon (H-Si) substrates. These experiments utilized a reactor 

pressure of approximately 240 mTorr (achieved using a total 

argon flow of 80 sccm), substrate temperatures of 150 and 

300 °C, and 1000 ALD cycles. Compound 4 was delivered at 

135 °C using 4 second pulses, BBr3 was delivered at room tem-

perature using 0.05s pulses, and BCl3 gas was delivered using 5 

second pulses at a flow rate of 5 sccm. However, minimal dep-

osition (≤2 nm) was observed at both temperatures.§  

 



 

Summary and Conclusions. Boranes featuring bulky hypersi-

lyl {(Me3Si)3Si} or supersilyl (tBu3Si) groups, and/or sterically 

unencumbered trimethylgermyl substituents, were synthesized 

for investigation as potential boron ALD precursors. Trimethyl-

germyl groups were used in this work, rather than trimethylsilyl 

groups, due to the straightforward synthesis of 

{Me3GeLi(THF)2}2 (3) from trimethylgermane and tert-butyl-

lithium. By contrast, LiSiMe3, which was not used in this work, 

is synthesized via highly toxic and volatile Hg(SiMe3)2.
52 Other 

starting materials in this work, hypersilyl lithium, 

{(Me3Si)3Si}Li(THF)3 (1),61 and supersilyl sodium, 

(tBu3Si)Na(THF)n (2; n = 2-3),62  were prepared as previously 

reported, and both 2 (n = 2; space group P21/c) and 3 were crys-

tallographically characterized.  

The previously reported di(silyl)(amido)borane 

{(Me3Si)3Si}2B(NMe2) (4)57 was synthesized via the reaction of 

B(NMe2)Cl2 with 2 equiv. of {(Me3Si)3Si}Li(THF)3 (1). By 

contrast, reactions of B(NMe2)Cl2 with 2 equiv. of 

(tBu3Si)Na(THF)n (2; n = 2-3) only afforded 

(tBu3Si)B(NMe2)Cl (5) with a single silyl substituent, and reac-

tions with {B(NMe2)F2}2 proceeded analogously to form 

(tBu3Si)B(NMe2)F (6). Subsequent reactions of 5 with 0.5 

equivalents of {Me3GeLi(THF)2}2 (3) afforded 

(tBu3Si)(Me3Ge)B(NMe2) (7); the first example of a mixed si-

lyl/germyl borane. Attempts to synthesize (Me3Ge)2B(NMe2) 

from the 1:1 reaction of B(NMe2)Cl2 with {Me3GeLi(THF)2}2 

afforded a mixture of two major products, one of which was 

identified as the tri(germyl)(amido)borate 

{(Me3Ge)3B(NMe2)}Li(THF)2 (8); this compound was gener-

ated cleanly from the 1:1.5 reaction of B(NMe2)Cl2 with 

{Me3GeLi(THF)2}2. By contrast, reaction of more sterically en-

cumbered B(TMP)Cl2 with one equivalent of 

{Me3GeLi(THF)2}2 afforded the di(germyl)(amido)borane, 

(Me3Ge)2B(TMP) (9). Boranes 4, 7 and 9, and borate 8, were 

crystallographically characterized.  

Borane 4 sublimed cleanly at 85 C (10 mTorr), and was 

stable for 24 hours at 155 C. It also underwent clean volatiliza-

tion by TGA, with a T50% temperature (the temperature at which 

50% of the sample mass has been lost) of 274 C. By contrast, 

compound 7, which has a lower molecular mass and lower sym-

metry (approx. Cs vs C2v), has a melting point of just 40 °C, and 

distilled cleanly at 45 C (10 mTorr). However, compound 7 is 

also less sterically stabilized than 4, and was 50% decomposed 

after 5 days at 95 °C in the dark. Additionally, the TGA profile 

of 7 is indicative of a combination of volatilization and thermal 

decomposition. The least sterically hindered borane, compound 

9, partially decomposed during attempted sublimation at 70 °C 

(10 mTorr) and was completely decomposed after heating in the 

dark at 110 C for 24 hours. Decreasing thermal stability in the 

order 4 > 7 > 9 highlights the ability of bulky silyl groups to 

enhance the thermal stability of the di(silyl/germyl)(amido)bo-

ranes. Compound 4 is sufficiently volatile and thermally stable 

to be used as an ALD precursor, whereas, the thermal stability 

of 7 is insufficient for practical use as an ALD precursor.  

In solution, 4 and 7 reacted with excess BCl3 or BBr3 at 

room temperature, and the most rapid reaction was between 7 

and BBr3. The observed reaction byproducts (not all of which 

were identified) suggest that exchange of both the amido and 

the silyl (and presumably also germyl) groups in 4 and 7 with 

bromo or chloro substituents in the BX3 reagent can take place, 

and that tBu3SiX (X = Cl or Br) reductive elimination also oc-

curs, possibly from (tBu3Si)BX2 as previously described.46 

However, these reactions did not form elemental boron, and at-

tempted ALD using 4 in combination with BCl3 and BBr3 at 150 

and 300 °C did not result in significant film growth. Future 

work will investigate the potential of di(silyl/germyl)(am-

ido)boranes for metal boride ALD in combination with metal 

halide precursors, and the synthesis of more thermally stable 

(supersilyl)(silyl/germyl)(amido)boranes. 

EXPERIMENTAL SECTION 

All synthesis was carried out using standard techniques under an argon 

atmosphere in an MBraun Unilab glovebox equipped with a –30 °C 

freezer, or on a double manifold vacuum line equipped with an Ed-

wards RV12 vacuum pump. The vacuum was measured periodically 

using a Kurt J. Lesker 275i convection enhanced Pirani gauge and was 

always below 10 mTorr. Residual oxygen and moisture was removed 

from the argon stream to the vacuum line by passage through an 

Oxisorb-W scrubber from Matheson Gas Products. All compounds 

synthesized in this work are air- and moisture-sensitive (in some cases 

pyrophoric) and should therefore be handled and stored under an inert 

atmosphere. All compounds are stable for prolonged periods when 

stored at –30 C, and compounds 4 and 7 were shown to be stable at 

room temperature over periods of a year or three months, respectively. 

Preparations of THF-coordinated hypersilyllithium (1)61,80, THF-

coordinated supersilylsodium (2)62,81, and B(TMP)Cl2
82 were con-

ducted according to literature procedures. Bis(hypersilyl)(dimethyl-

amido)borane, {(Me3Si)3Si}2B(NMe2) (4), was prepared following lit-

erature procedures,31,57 and was fully characterized (multinuclear NMR 

spectroscopy, X-ray crystallography and combustion elemental analy-

sis; see below; previous characterization was limited to 11B NMR spec-

troscopy and combustion elemental analysis).57 The preparations of di-

chloro(dimethylamido)borane and (dimethylamido)difluoroborane 

were slightly modified from the literature procedures83 to avoid the 

handling of gaseous BX3, and their detailed synthesis and characteriza-

tion are described below. All commercial reagents (Li, Na, Me3SiCl, 

SiCl4, MeLi (1.6M in Et2O), tBu2SiHCl, KF, KHF2, tBuLi (1.7M in 

pentane), nBuLi (1.6M in hexanes), Br2, LiAlH4, Me3GeBr, BCl3 (1.0M 

in heptane), BF3·OEt2, BBr3, BI3, B(NMe2)3, TMPH) were purchased 

from Sigma Aldrich and stored under argon. TMPH was dried under 

sieves and distilled before use, whereas all other reagents were used 

without further purification. Argon gas was purchased from Air 

Liquide. 
Benzene, pentane, hexanes, toluene and tetrahydrofuran (THF) 

were purchased from Sigma Aldrich. These solvents were initially 

dried and distilled at atmospheric pressure from sodium (toluene) or 

sodium/benzophenone (the other four solvents). All solvents were 

stored over an appropriate drying agent (benzene, toluene, THF = 

Na/Ph2CO; hexanes, pentane = Na/Ph2CO/tetraglyme) and introduced 

to reactions or solvent storage flasks via vacuum transfer with conden-

sation at –78 °C. C6D6 (99.5%) was purchased from Sigma Aldrich and 

was dried over sodium/benzophenone, distilled prior to use, and stored 

under argon.  
The ALD reactor design, ALD experiment setup, substrate prep-

aration, and methods of thin films characterization are identical to what 

has been previously reported,41 except that carrier argon flows were set 

to 20 sccm for all delivery lines (resulting in an internal pressure of 

~240 mTorr), and the 4Å molecular sieves trap was replaced by a 6" 
body liquid nitrogen trap (MDC Precision) to collect excess BX3 co-

reactant. In all ALD experiments, the oven containing the reactor cham-

ber was held at 150 C. Compound 4 was delivered at 135 C. Attempts 

to deliver 7 at 85 °C led to insufficient delivery, so the bubbler temper-

ature was raised to 95 C, leading to complete decomposition after sev-

eral days. The cylinder of BCl3 used in ALD reactor experiments was 

purchased from Air Liquide. 

Solution NMR spectroscopy (nuclei: 1H, 13C, 11B, 29Si, 19F) was 

performed on a Bruker AV-600 NMR spectrometer (for room temper-

ature measurements) or a Bruker AV-500 NMR spectrometer (for low 

temperature studies). All 1H and 13C{1H} NMR spectra were referenced 

to SiMe4 through the resonance of the proto impurity in C6D6 (for 1H 

NMR; 7.16 ppm) or the resonance of C6D6 (for 13C NMR; 128.06 ppm). 



 

11B{1H}, 29Si, and 19F NMR spectra were indirectly referenced by con-

version of the spectral frequency of the 1H NMR spectrum using the 

frequency ratio (Ξ) of each nuclei to 1H, as described by Harris et al.84 

All reported 29Si NMR chemical shifts were located from crosspeaks in 

2D 29Si-1H HMBC NMR spectra. 

Combustion elemental analyses were performed at the Univer-

sity of Calgary using a Perkin Elmer Model 2400 series II analyzer. 
Single crystal X-ray diffraction studies were conducted on crystals 

coated in Paratone oil and mounted on either (a) a SMART APEX II 

diffractometer with a 3 kW sealed-tube Mo generator and SMART6000 

CCD detector (4), (b) a STOE IPDS II diffractometer with an image 

plate detector (2, 3, 7, 8), or (c) a Bruker Dual Source D8 Venture dif-

fractometer (9) in the McMaster Analytical X-ray diffraction (MAX) 

facility. Raw data was processed using XPREP (as part of the APEX 

v2.2.0 software) and solved by an intrinsic method (SHELXT).85,86 In 

all cases, non-hydrogen atoms were refined anisotropically and hydro-

gen atoms were generated in ideal positions and then updated with each 

refinement cycle. All structure solutions and refinements were per-

formed using Olex2.87 Deposition Numbers 2372743 (for 2), 2372744 

(for 3), 2372745 (for 4), 2372746 (for 7), 2372747 (for 8), and 2372748 

(for 9) contain the supplementary crystallographic data for this paper.  

 

{Me3GeLi(THF)2}2 (3). The synthesis of 3 is based on an in situ syn-

thesis described by E. Piers et al.63 The synthesis generates Me3GeH in 

situ from Me3GeBr (which is easier to handle than highly volatile 

Me3GeH), although comparable yields were obtained directly from 

Me3GeH. In situ synthesis of Me3GeH: A suspension of LiAlH4 (580 

mg, 15.3 mmol) in THF (25 ml) was prepared cautiously (addition of 

THF to solid LiAlH4 is highly exothermic and slow addition is essen-

tial). To this was added a THF solution (15 mL) of Me3GeBr (2.97 g, 

15.1 mmol) dropwise via syringe at 0 C. After stirring for 10 minutes 

at 0 C, the mixture was cooled to –78 C and degassed for 1 minute 

before warming to room temperature under static vacuum. All volatiles 

were then vacuum distilled through the vacuum line into a receiving 

flask at –78 C. Deprotonation of Me3GeH: After warming the result-

ing Me3GeH solution to –20 C, a solution of tert-butyllithium (1.06 g, 

16.5 mmol) in pentane (10 mL) was added dropwise to the stirring so-

lution via syringe over 5 minutes. The yellow solution was stirred at 

−20 °C for 10 minutes and maintained at this temperature to remove 

most of the volatiles in vacuo. Once the mixture had the appearance of 

a thick slurry, the flask was warmed to room temperature and the mix-

ture was further evacuated for 30 minutes until a solid pale-yellow res-

idue was left. The flask and adapter were then secured with electrical 

tape (as a precaution in case some residual solvent is present, poten-

tially causing the pressure within the flask to exceed the pressure in the 

glovebox port during evacuation) and brought into a glove box. To the 

residue was added ca. 15 mL of hexanes. The suspension was trans-

ferred into a 20 mL vial and stored at –30 C overnight. After decanting 

the solvent, the white solid was washed with 35 mL of cold hexanes. 

The resulting solid was dried under argon at room temperature in the 

glove box, affording 3 as a pyrophoric white solid (3.3 g, 82%). X-ray 

quality single crystals were grown as colourless needles from a hexanes 

solution at −30 C. Note: although compound 3 is stable indefinitely at 

–30 C under argon, it decomposes under vacuum (forming a viscous 

grey-white oil) over a few hours, presumably due to loss of THF fol-

lowed by rapid decomposition. 1H NMR (C6D6, 600 MHz, 298 K): δ 

3.61 (t, 8H, CH2CH2O), 1.36 (m, 8H, CH2CH2O), 0.62 (s, 9H, 

Ge(CH3)3) ppm. 13C{1H} NMR (C6D6, 151 MHz, 298 K): δ 68.66 (s, 

CH2CH2O), 25.44 (s, CH2CH2O), 7.42 (s, Ge(CH3)3) ppm. C22H50-

Ge2Li2O4 (537.78 g·mol-1): calcd. C 49.14, H 9.37, N 0.00%; found. C 

49.49, H 9.03, N 0.26%. 

 

B(NMe2)Cl2. A 1.0M solution of boron trichloride in n-heptane (21.6 

mL; 21.6 mmol of BCl3) was added dropwise via syringe to a vigor-

ously stirred solution of tris(dimethylamido)borane (1.23 g, 8.62 

mmol) in 30 mL of n-pentane in a 100 mL bomb. The clear and colour-

less solution was stirred at room temperature for one hour, at which 

point the reaction was cooled to 0 °C. The volume of the solution was 

reduced in vacuo to approximately one third of the original volume 

(this procedure removed all of the n-pentane and excess BCl3). The 

solution was centrifuged for 10 minutes to remove any solid dimer 

({B(NMe2)Cl2}2) before storing the colourless solution of dichloro(di-

methylamido)borane in a vial at room temperature under argon. Note: 

the concentration of the 1:x B(NMe2)Cl2/heptane mixture was deter-

mined by integration of the 1H NMR signal of the product (N(CH3)2) 

relative to heptane (CH3) before use in reactions (typical relative inte-

grations (ie. x) were between 5 and 10). The {B(NMe2)Cl2}2 dimer 

slowly crystallized out of the stock solution over time, therefore the so-

lution was typically used within 1 week, and the concentration of the 

solution was determined immediately before use. 1H NMR (C6D6, 500 

MHz, 298 K): δ 2.34 (s, 6H, N(CH3)2), 1.28 (m, heptane), 0.90 (t, hep-

tane) ppm. 13C{1H} NMR (C6D6, 151 MHz, 298 K): δ 39.36 (s, 

N(CH3)2), 32.37, 29.56, 23.17, and 14.36 (s, heptane) ppm. 11B{1H} 

NMR (C6D6, 161 MHz, 298 K): δ 30.48 (s) ppm. 

 

{B(μ-NMe2)Cl2}2. Solutions of B(NMe2)Cl2 in n-heptane at room tem-

perature always contain some dimer {B(NMe2)Cl2}2 which precipitates 

slowly as large colourless block-shaped crystals. 1H NMR (C6D6, 500 

MHz, 298 K): δ 2.19 (sept, 6H, N(CH3)2, 2JH,H = 3.3 Hz) ppm. 13C{1H} 

NMR (C6D6, 126 MHz, 298 K): δ 34.56 (s, N(CH3)2) ppm. 11B{1H} 

NMR (C6D6, 161 MHz, 298 K): δ 10.40 (s) ppm. 

 

{B(μ-NMe2)F2}2.
 The dimer of (dimethylamido)difluoroborane was 

prepared analogously to B(NMe2)Cl2 using B(NMe2)3 (442 mg, 3.09 

mmol) and BF3·OEt2 (0.80 mL, 6.48 mmol). Monomeric B(NMe2)F2 

dimerizes and rapidly precipitates out of solution. The precipitate was 

dried in vacuo to obtain the dimer as a white crystalline solid (846 mg, 

98%). 1H NMR (C6D6, 600 MHz, 298 K): δ 1.98 (s, 6H, N(CH3)2) ppm. 
13C{1H} NMR (C6D6, 151 MHz, 298 K): δ 38.31 (s, N(CH3)2) ppm. 
11B{1H} NMR (C6D6, 161 MHz, 298 K): δ 0.98 (m) ppm. 19F NMR 

(C6D6, 565 MHz, 298 K): δ –161.85 (m) ppm. 

 

{(Me3Si)3Si}2B(NMe2) (4). Compound 4 was prepared in 97% yield 

following the literature procedure.57 X-ray quality single crystals were 

grown from a concentrated hexanes solution at –30 °C. 1H NMR (C6D6, 

600 MHz, 298 K): δ 2.97 (s, 6H, N(CH3)2), 0.37 (s, 54H, Si(CH3)3) 

ppm. 13C{1H} NMR (C6D6, 151 MHz, 298 K): δ 50.61 (s, N(CH3)2), 

5.13 (s, Si(CH3)3) ppm. 11B{1H} NMR (C6D6, 193 MHz, 298 K): δ 

60.65 (s) ppm. 29Si NMR (C6D6, 119 MHz, 298 K): δ –9.55 (s, 

Si(SiMe3)3), –112.81 (s, Si(SiMe3)3) ppm. C20H60BNSi8 (550.20 g·mol-

1): calcd. C 43.66, H 10.99, N 2.55%; found. C 43.28, H 11.03, N 

2.48%. 

 

(tBu3Si)B(NMe2)Cl (5). A 1:7 B(NMe2)Cl2/heptane mixture (8.0236 g 

of the mixture, 9.7 mmol of B(NMe2)Cl2) was diluted with approxi-

mately 5 mL of hexanes. It was then added dropwise via syringe to a 

bright yellow-orange solution of tBu3SiNa(THF)2 (2; 4.442 g, 12.1 

mmol) in hexanes (15 mL). Upon addition, the reaction mixture began 

to lighten in colour, forming a cloudy light yellow solution, and then a 

nearly colourless solution with a white precipitate. The reaction mix-

ture was stirred at 50 C overnight to allow for complete consumption 

of {B(NMe2)Cl2}2, some of which was always present in solutions of 

B(NMe2)Cl2.  All volatiles were removed in vacuo and the pale-yellow 

residue was redissolved in 5 mL of hexanes and centrifuged to remove 

NaCl. After removal of solvent in vacuo, the crude product was purified 

by distillation at 90 C/10 mTorr to obtain pure 5 as a clear and colour-

less oil (2.52 g, 72%). 1H NMR (C6D6, 600 MHz, 298 K): δ 2.70 (s, 6H, 

N(CH3)2), 1.31 (s, 27H, C(CH3)3) ppm. 13C{1H} NMR (C6D6, 151 

MHz, 298 K): δ 45.02 (s, N(CH3)2), 41.19 (s, CMe3), 32.84 (s, C(CH3)3) 

ppm. 11B{1H} NMR (C6D6, 193 MHz, 298 K): δ 41.61 (s) ppm. 29Si 

NMR (C6D6, 119 MHz, 298 K): δ 2.18 ppm. C14H33BClNSi (289.77 

g·mol-1): calcd. C 58.03, H 11.48, N 4.83%; found. C 57.93, H 11.37, 

N 4.70%. 

 

(tBu3Si)B(NMe2)F (6). A solution of tBu3SiNa(THF)2 (2; 238.4 mg, 

0.922 mmol) in hexanes (10 mL) was added dropwise to a stirred room 

temperature suspension of {B(NMe2)F2}2 (114.2 mg, 0.615 mmol) in 2 

mL of hexanes. This afforded a yellow-orange solution which turned 

into a nearly translucent, faint yellow mixture over the course of 1 hour. 

The reaction was stirred for 1 additional hour at room temperature be-

fore centrifugation and removal of solvent in vacuo. The residue was 



 

redissolved in pentane (4 mL) and stored at –30 C overnight to crys-

tallize unreacted {B(NMe2)F2}2. The solution was decanted, dried in 

vacuo and distilled at 50 C/10 mTorr (to separate product from excess 

2) to obtain 6 as a clear and colourless oil (235.6 mg, 93%). 1H NMR 

(C6D6, 600 MHz, 298 K): δ 2.56 (d, 4JH,F = 1.6 Hz, 3H, N(CH3)2), 2.46 

(d, 4JH,F = 2.1 Hz, 3H, N(CH3)2), 1.26 (s, 27H, C(CH3)3) ppm. 13C{1H} 

NMR (C6D6, 151 MHz, 298 K): δ 39.55 (d, 3JCF = 4.6 Hz, N(CH3)2), 

35.58 (d, 3JCF = 13.8 Hz, N(CH3)2), 32.15 (s, C(CH3)3), 22.70 (s, CMe3) 

ppm. 11B{1H} NMR (C6D6, 193 MHz, 298 K): δ 34.35 (d, 1JB,F = 130 

Hz). 19F NMR (C6D6, MHz, 298 K): δ –70.95 (m) ppm.  29Si NMR 

(C6D6, 119 MHz, 298 K): δ 2.28 ppm. C14H33BFNSi (273.32 g·mol-1): 

calcd. C 61.52, H 12.17, N 5.12%; found. C 61.53, H 12.02, N 5.55%.  

 

(tBu3Si)(Me3Ge)B(NMe2) (7). A solution of {Me3GeLi(THF)2}2 (3; 

285.2 mg, 0.530 mmol) in benzene (8 mL) was added dropwise via 

syringe to a stirred solution of (tBu3Si)B(NMe2)Cl (5; 307.4 mg, 1.06 

mmol) in hexanes (4 mL) at room temperature. Over the course of one 

hour, the clear colourless solution became a translucent, pale yellow 

mixture which was stirred at room temperature overnight. The mixture 

was centrifuged to remove LiCl and evaporated to dryness in vacuo. 

The crude, pale yellow waxy solid was distilled at 45 C/10 mTorr to 

afford 7 as a clear and colourless oil that would on occasion solidify 

into a crystalline white solid over approximately one hour at room tem-

perature (302.5 mg, 77%). 1H NMR (C6D6, 600 MHz, 298 K): δ 2.96 

and 2.82 (2s, 23H, N(CH3)2), 1.27 (s, 27H, C(CH3)3), 0.46 (s, 9H, 

Ge(CH3)3) ppm. 13C{1H} NMR (C6D6, 151 MHz, 298 K): δ 53.25 and 

47.84 ppm (2s, N(CH3)2), 33.32 (s, SiC(CH3)3), 23.64 (s, SiCMe3), 

5.11 (s, Ge(CH3)3) ppm. 11B{1H} NMR (C6D6, 193 MHz, 298 K): δ 

59.88 (s) ppm. 29Si NMR (C6D6, 119 MHz, 298 K): δ 4.43 ppm. 

C17H42BNGeSi (372.06 g·mol-1): calcd. C 54.88, H 11.38, N 2.91%; 

found. C 55.25, H 11.05, N 3.30%. 

 

{(Me3Ge)3B(NMe2)}Li(THF)2 (8). A 1:9 mixture of B(NMe2)Cl2 and 

heptane (289 mg of the mixture, 0.320 mmol of B(NMe2)Cl2) was di-

luted with approximately 5 mL of hexanes. It was then added dropwise 

via syringe to a stirred solution of {Me3GeLi(THF)2}2 (3; 258 mg, 

0.480 mmol) in toluene (5 mL) at –78 C. Upon addition, the mixture 

became translucent white in colour. The mixture was slowly warmed 

to room temperature and stirred for an additional hour at room temper-

ature before removal of volatiles in vacuo. Pentane (5 mL) was added 

to the crude residue, and the mixture was centrifuged to remove LiCl. 

Colourless needle crystals of 8 were obtained upon storing the super-

natant at –30 C (242 mg, 45%). 1H NMR (C6D6, 600 MHz, 298 K): δ 

3.32 (m, 8H, CH2CH2O), 2.41 (m, 6H, N(CH3)2), 1.24 (m, 8H, 

CH2CH2O), 0.48 (s, 27H, Ge(CH3)3) ppm. 13C{1H} NMR (C6D6, 151 

MHz, 298 K): δ 68.21 (s, CH2CH2O), 47.91 (s, N(CH3)2), 25.43 (s, 

CH2CH2O), 4.04 (s, Ge(CH3)3) ppm. 11B{1H} NMR (C6D6, 193 MHz, 

298 K): δ –13.25 (s) ppm. C19H49NO2BGe3Li (559.25 g·mol-1): calcd. 

C 40.81, H 8.83, N 2.50%; found. C 40.46, H 9.09, N 2.69%. 

 

(Me3Ge)2B(TMP) (9). A solution of B(TMP)Cl2 (752.0 mg, 3.388 

mmol) in toluene (5 mL) was added dropwise via syringe to a stirred 

solution of {Me3GeLi(THF)2}2 (3; 1.822 g, 3.388 mmol) in toluene (10 

mL) at –78 C. Upon addition, the mixture became translucent white in 

colour. The mixture was slowly warmed to room temperature and 

stirred overnight before removal of volatiles in vacuo. 5 mL of toluene 

was added to the crude residue and the mixture was centrifuged to re-

move LiCl. Upon removal of the solvent in vacuo, compound 9 was 

obtained as stark white solid (1.2231 g, 94%). Colourless needle crys-

tals of 9 were obtained by crystallization from pentane at –30 C. 1H 

NMR (C6D6, 600 MHz, 298 K): δ 1.42-1.51 (m, 6H, CH2CH2), 1.28 (s, 

12H, C(CH3)2), 0.51 (s, 18H, Ge(CH3)3) ppm. 13C{1H} NMR (C6D6, 

161 MHz, 298 K): δ 58.74 (s, C(CH3)2), 35.62 (s, 3,5-CH2), 33.49 (s, 

C(CH3)2), 14.47 (s, 4-CH2), 4.37 (s, Ge(CH3)3) ppm. 11B{1H} NMR 

(C6D6, 193 MHz, 298 K): δ 63.52 (s) ppm. C15H36NBGe2 (386.53 

g·mol-1): calcd. C 46.61, H 9.39, N 3.62%; found. C 46.26, H 9.48, N 

3.43%.  
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Accompanying text: 

Boranes featuring bulky hypersilyl or supersilyl groups, and/or sterically unencumbered trimethylgermyl substituents, were synthe-

sized for investigation as potential precursors for atomic layer deposition (ALD) of boron, and the thermal stability of the com-

pounds was found to correlate strongly with the number of bulky silyl groups. 

 

 


