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A B S T R A C T   

The crystal structure of a low melting difluorinated silicon reagent (bromodifluoromethyl)trimethylsilane is 
described. Hexamethylphosphoramide (HMPA) serves as an efficient Lewis basic activator to decompose the 
silicon reagent to generate difluorocarbene along with the formation of silyl-capped HMPA cation. The bromide 
salt with Me3Si-HMPAcation was also obtained by interaction of bromotrimethylsilane with HMPA and was 
characterized by X-ray analysis. Interaction of silanes with HMPA was evaluated by quantum chemical calcu
lations, which demonstrated that the Lewis base provides a significant decrease of the transition state energy for 
the generation of difluorocarbene by an attack at the silicon atom.   

1. Introduction 

Organofluorine compounds play important role in medicinal chem
istry and related fields [1–3]. In this regard, methods for the synthesis of 
fluorinated molecules have attracted considerable attention [4]. 
Recently, we have developed a concept for the synthesis of gem-di
fluorinated compounds using difluorocarbene as a key building block [5, 
6]. Among a wide variety of precursors, which can generate difluor
ocarbene [6], silicon reagents became widely used for the direct intro
duction of the difluoromethylene fragment [7,8]. 
(Bromodifluoromethyl)trimethylsilane 1 (Me3SiCF2Br) has emerged as a 
particularly valuable reagent owing to its ready availability and mild 
reaction conditions needed for carbene generation [9–11]. Indeed, 
silane 1 undergoes decomposition by treatment with virtually non-basic 
activators such as hexamethylphosphoramide (HMPA) and N,N’-dime
thylpropyleneurea [12]. While reactions of difluorocarbene generated in 
this way have been reported [12–14], the fate of the silyl part of silane 1 
has not been discussed. 

The expulsion of difluorocarbene from silane 1 is accompanied by 
the formation of bromotrimethylsilane (Me3SiBr). Silicon halides are 
known to behave as Lewis acids, and they can interact with neutral 

Lewis bases leading to the transfer of the silyl group from the halide onto 
the Lewis base [15]. Previously, the salts derived from silicon Lewis 
acids and HMPA were observed spectroscopically but their crystal 
structures have not been studied [16,17]. Herein we report crystal 
structures of silane 1 and the cationic species resulting from the reaction 
of 1 or bromotrimethylsilane with HMPA. The mechanism of difluor
ocarbene formation upon the interaction of 1 with HMPA was evaluated 
by quantum chemical calculations. 

2. Results and discussion 

When HMPA was combined with 1.2 equivalents of silane 1, a 
complex mixture was formed according to NMR analysis, presumably, 
owing to the interaction of difluorocarbene with HMPA. However, when 
the same reaction was performed in the presence of 1,1-diphenylethy
lene (1.2 equivalents), salt 2 and difluorocyclopropane 3 were formed 
(Scheme 1). The same salt 2 was obtained quantitatively when HMPA 
was combined with bromotrimethylsilane affording crystals suitable for 
X-ray analysis. These reactions were performed in 1,2-dimethoxyethane 
as it favors the crystallization of salt 2. 

Silane 1 is a colorless mobile liquid at room temperature. The 
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crystals suitable for X-ray analysis were obtained via the in situ crys
tallization method [18,19]. Thus, the crystallization was performed in a 
glass capillary by using zone melting, and crystals melting at 189-190 K 
were formed. The X-ray diffraction experiments were performed at four 
different temperatures (100, 120, 150, 175 K) with the same sample. 
Visually, the grown crystal of silane 1 did not change during the cooling 
(from 190 to 100 K), and only one crystal phase was found above 100 K. 
Further, we will discuss this crystal structure at 150 K, as it is the most 
reliable one (Fig. 1). The compounds, containing the Si–CF2 fragment, 
are rarely presented in the Cambridge structural database (CSD) since 
these silanes are usually liquids at room temperature. The Si–CF2 bond 
length is 1.910(16) Å, which is shorter than the mean Si–CF2 bond 
present in the CSD (1.936 Å, 13 entries). The crystal structure of com
pound 1 is similar to the structure of the Ruppert-Prakash reagent (tri
fluoromethyltrimethylsilane, Me3SiCF3) [20]. 

Salt 2 also provided colorless crystals, which were subjected to X-ray 
analysis. The Si–CH3 bond length is 1.826(3)–1.844(3) Å, which is 
significantly shorter than the average Si–CH3 bond length (1.866 Å, 
based on 21317 crystal structures found in CSD). Comparison of crystal 
structures of 2 and uncomplexed HMPA [21] also indicates changes in 
the structural parameters of the parent molecule. Thus, the P–N bond 
lengths are shorter in 2 (1.615 Å on average) compared to those in HMPA 
(1.6524 Å on average), while the P–O bond is longer in 2 (1.5448(16) Å) 
than in HMPA (1.4774(13) Å). Of special note is that on changing from 
HMPA to 2 (Fig. 2(b)), one nitrogen atom undergoes noticeable plana
rization, while two other dimethylamino groups remain virtually un
perturbed, and the corresponding P–N bond suffered the greatest 
reduction in distance from 1.659 Å in HMPA to 1.602 Å in 2). Appar
ently, these structural effects result from the influence of the strong 
electron-withdrawing positively charged phosphonium fragment. In the 
crystal, twelve bond critical points correspond to H…Br interactions 
according to QTAIM theory [22,23], but only eight interatomic dis
tances are shorter than the sum of van der Waals radii (3.05 Å). The total 
energy of all H…Br interactions is -5.87 kcal/mol, which is equal to 32% 
of total lattice energy (18.41 kcal/mol). Four hydrogens of N-methyl 
groups interact with a single bromine atom. 

To evaluate the mechanism of the formation of difluorocarbene from 
silane 1, as well as to compare reactions of silane 1 and bromo
trimethylsilane with HMPA, quantum chemical calculations were per
formed. Density functional PBE0 combined with 6-311+G(d,p) was used 
with polarizable continuum model (PCM, glyme, ε = 7.2). Calculated 

Gibbs free energy profiles and key structural parameters of identified 
stationary points are shown in Fig. 3. 

For uncatalyzed concerted expulsion of difluorocarbene from silane 
1, the activation free energy (TS-1) equals 39.0 kcal/mol, with the re
action energy of +13.7 kcal/mol. A stationary point S-1 corresponding 
to a weak interaction between the covalently bonded bromine atom and 
difluorocarbene was observed, but this is likely to be a very short-lived 
species. Upon interaction of 1 with HMPA, a loose complex C-2 was 
identified, but this may not be a minimum on the free energy surface (for 
C-2, electronic energy E = -2.2 kcal/mol, free energy G = 6.7 kcal/mol, 
for comparison of electronic and free energy profiles, see Supplementary 
material for details). The transition state for the difluorocarbene for
mation (TS-2) has an energy of 30.5 kcal/mol, which is notably less than 
that for uncatalyzed fragmentation. In the transition state, the silicon 
has the arrangement closely to trigonal bipyramid with incoming HMPA 
and the leaving fluorinated fragment being located at apical positions. It 
should also be noted that in the transition state, the distance of the 
breaking Si…C bond is quite long and has a value of 3.16 Å, while the 
forming Si-O bond of 1.77 Å is short. Moreover, the silicon atom is 
displaced from the plane of three methyl groups at silicon towards the 
oxygen atom. This means that the transition state is late, which is likely 
associated with significant energy needed for the formation of difluor
ocarbene. Further move along the reaction coordinate leads to the for
mation of the carbene associated with the bromide anion, with the latter 
being connected with the trimethylsilyl-HMPA cation (see point S-2, 
28.2 kcal/mol). Subsequent expulsion of free carbene from S-2 leads to a 
decrease in free energy by 6.2 kcal/mol. It should be noted that the 
formation of free difluorocarbene upon interaction of 1 with HMPA is 
thermodynamically unfavorable and likely is reversible. However, if 
some reagent, which can irreversibly trap difluorocarbene, is present, 
the reaction of 1 with HMPA can be shifted to the right resulting in the 
formation of salt 2. 

For the interaction of bromotrimethylsilane with HMPA, besides the 
formation of the loose complex (C-3), the activation free energy required 
to displace bromide equals 14.5 kcal/mol and is mostly determined by 
the entropic contribution. Importantly, the transition state TS-3 is early, 
with the long Si-O bond of 2.31 Å, reflecting the intrinsic efficiency of 
the bromide displacement. In the product (point P-3), the bromide anion 
is associated with the silicon atom of Me3Si-HMPA. While the Gibbs free 
energy of this point is 8.3 kcal/mol, the product is favorable in terms of 
electronic energy (E = -5.0 kcal/mol, see Supplementary material for 
details). Moreover, strong cation/anion interactions in the solid state 
provide an overall thermodynamic driving force for the formation of 
crystals of 2 from bromotrimethylsilane and HMPA. 

3. Conclusion 

The crystal structure of silane 1 is described. Upon interaction of the 
silane with HMPA, difluorocarbene is formed, while the silicon fragment 
is transferred to HMPA affording the solid bromide salt, which was also 
analyzed by X-ray analysis. Analysis of the difluorocarbene formation 
from 1 by DFT calculations suggested that uncatalyzed fragmentation 
has high activation energy, while in the presence of HMPA, the transi
tion state for the decomposition of 1 is much lower in energy. At the 
same time, fragmentation of 1 into free difluorocarbene is expected to be 
reversible and can be efficiently realized if a trapping agent for diflur
ocarbene is present. 

4. Experimental 

4.1. General information 

All reactions were performed under an argon atmosphere. 1,2-Dime
thoxyethane was distilled from lithium aluminum hydride prior to use. 
HMPA was distilled under vacuum from calcium hydride and stored 
under argon over MS 4A. (Bromodifluoromethyl)trimethylsilane was 

Fig. 1. Molecular structure (left) and crystal packing (right) of silane 1 (at 150 
K). Atoms are presented as ellipsoids of anisotropic displacement (50% prob
ability). Selected parameters (Å, deg.): Si1-C1 1.912(16), Si1-C2 1.862(14), Si1- 
C3 1.842(12), F1-C1 1.342(10), Br1-C1 1.965(17), Si1-C1-Br1 113.5(6), C2-Si1- 
C1 104.7(4), C3-Si1-C2 113.4; F1-C1-F1 104.9(11). Unit cell orthorhombic, 
space group Pnma, a = 13.38(9), b = 9.27(6), c = 6.70(5). 
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Fig. 2. (a) Molecular structure of salt 2. Atoms are presented as ellipsoids of anisotropic displacement (50% probability). (b) Comparison of crystal structures of 
HMPA and salt 2, hydrogen atoms are mitted. (c) Crystal packing of salt 2. Selected parameters (Å, deg.): P1-O1 1.5448(16), P1-N3 1.602(2), P1-N2 1.620(2), P1-N1 
1.621(2), Si1-O1 1.6865(17), Si1-C1 1.844(3), P1-O1-Si1-144.19(11), O1-P1-N3 117.35(10), O1-P1-N2 104.42(10). Unit cell monoclinic, space group P21/c, a =
8.4505(14), b = 15.185(3), c = 12.913(2), β = 92.776(4). 

Fig. 3. Gibbs free energy profiles calculated at PBE0/6-311+G(d,p), PCM (glyme as solvent). Transformations: uncatalyzed decomposition of silane 1 (blue); 
interaction of silane 1 with HMPA (red); interaction of Me3SiBr with HMPA (green). Structures of selected stationary points are shown at the right. (For interpretation 
of the references to color in this figure legend, the reader is referred to the electronic version of this article.). 
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synthesized according to a literature procedure [10]. NMR spectra were 
recorded on a Bruker AM300 instrument in dry CDCl3 at 28◦C. 

4.2. Preparation of salt 2 

In a Schlenk tube, HMPA (90 mg, 0.50 mmol) was added to a solution 
of (bromodifluoromethyl)trimethylsilane (122 mg, 0.60 mmol) and 1,1- 
diphenylethylene (108 mg, 0.60 mmol) in 1,2-dimethoxyethane (2 mL) 
at room temperature, and the mixture was homogenized by gentle 
shaking. The mixture was allowed to stand overnight in the refrigerator 
at 5◦C. The precipitated colorless crystals were used for X-ray analysis. 
For the work-up, hexane (5 mL) was added, the liquid phase was 
removed by a syringe in an argon counter-flow. The crystals were 
washed with hexane (5 mL) and dried under vacuum to give 81 mg 
(yield 49%). The same procedure was followed for the reaction of HMPA 
(90 mg, 0.50 mmol) and bromotrimethylsilane (92 mg, 0.60 mmol) 
affording 165 mg (yield 99%). Colorless crystals. Mp 129◦C (dec). 1H 
NMR (300 MHz, CDCl3) δ: 2.64 (d, J = 10.5 Hz, 18H), 0.24 (s, 9H). 13C 
NMR (75.5 MHz, CDCl3) δ: 33.3 (d, J = 5.0 Hz), -2.2. 31P{1H} NMR 
(121.5 MHz, CDCl3) δ: 26.2. 

4.3. X-ray analysis 

Single crystal X-ray studies were carried out in the Center for 
molecule composition studies of INEOS RAS using Bruker APEX DUO 
diffractometer. The crystal of silane 1 was kept at 100, 120, 150, and 
175 K during data collection. The crystal of salt 2 was kept at 120 K 
during data collection. Using Olex2 [24], the structure was solved with 
the SHELXT [25] structure solution program using Intrinsic Phasing and 
refined with the SHELXL [26] refinement package using Least Squares 
minimization. Non-hydrogen atoms were refined in anisotropic 
approximation. Hydrogen atoms of methyl fragments were calculated 
according to those idealized geometries and refined with constraints 
applied to C-H bond lengths and equivalent displacement parameters 
(Uiso(H) = 1.5Ueq(C) for CH3 group). 

Crystallographic data have been deposited with the Cambridge 
Crystallographic Data Centre as supplementary publication compound 
(for compound 1, CCDC 2098618-2098621; for salt 2, CCDC 2098622). 
These data can be obtained free of charge from CCDC via https://www. 
ccdc.cam.ac.uk/structures. 

4.4. Quantum chemical calculations 

Calculations of reaction profiles were performed using the Gaussian 
09 program [27] using a PBE0 functional with the basis set 6–311+G(d, 
p). To take into account the effect of solvent, the Polarizable Continuum 
Model (PCM) was used [28]. As a solvent, 1,2-dimethoxyathane (glyme) 
was applied, and its parameters were specified as follows: for the 

Self-Consistent Reaction Field (SCRF) in the input string DiethylEther 
was used, and additional parameters were provided via the Read option: 
dielectric constant (Eps = 7.2), the square of the index of refraction at 
optical frequencies (EpsInf = 1.974), Abraham’s hydrogen bond acidity 
(HbondAcidity = 0.00), Abraham’s hydrogen bond basicity (HbondBa
sicity = 0.48). 

The electron density function suitable for analysis in terms of 
quantum theory “Atoms in Molecules” (QTAIM) was obtained in sepa
rate single-point calculations of the optimized structures using the fast 
Fourier transform grid that was twice as dense as the default values (the 
distances between points in direct space were ~0.03 Å). Topological 
analysis of electron density in terms of QTAIM was carried out with the 
AIM program (a part of ABINIT code [29–33]). The energies of inter
molecular interactions were evaluated using Espinosa, Mollins, and 
Lecomte correlation formula [22]. The sum of energies of all intermo
lecular interactions can be associated with the values of lattice energy. 
This approach is described in more detail in our early works [34,35]. 

The electron density calculations were performed within the PBE 
exchange-correlation functional using VASP 5.4.1 (Vienna Ab-initio 
Software Package) [36–38]. Atomic coordinates were optimized; how
ever, cell parameters were fixed at their experimental values to prevent 
cell contraction or expansion. To improve the description of 
van-der-Waals interactions D3 correction was applied [39]. Atomic 
cores were described using PAW potentials. Valence electrons were 
described in terms of a plane-wave basis set (the kinetic energy cutoff 
was at 800 eV). VASP is supplied with a library of small-core PAW po
tentials. Thus, the problems with topological analysis due to the usage of 
pseudopotentials were avoided for intermolecular interactions. 

Supplementary material 

Supplementary material related to this article can be found in the 
online version, at DOI: 
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Scheme 1. Formation of salt 2.  
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