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1. Methods

1.1. DFT calculations

Initial structures of phenylsilane, phenylgermane, diphenylgermane, triethylgermane, styrene, 

sodium trimethylborohydride and sodium borohydride were generated with usual values of bond 

lengths and valence angles1 and were followed by full geometry optimization toward potential 

energy minima. In these and subsequent computations, M06-2X/6-31++G(d,p)/LANL2DZdp level 

of theory2,3,12,4–11 was employed (LANL2DZdp basis set for Si and Ge atoms and 6-31++G(d,p) for 

other atoms); this selection was dictated by our previous research on similar reactions13 on the one 

hand, and by an attempt to accurately describe the behaviour of outer shell electrons in Si and Ge 

atoms while maintaining a similar structure of basis set (both are valence double-zeta basis sets 

with additional polarization and diffuse functions) and an acceptable level of computing power and 

disk space consumption. Based on our previous research, triethylborane was substituted with 

trimethylborane in order to reduce computational complexity at a negligible change in relative 

energies of respective structures. In order to identify possible reaction pathways, we conducted 

relaxed potential energy scans while controlling 1 or 2 interatomic distances. Whenever a scan did 

not result in a new stationary point, the path was discarded; otherwise, synchronous transit-guided 

quasi-Newton approach (QST3)14 was used to determine the geometry of the respective transition 

state (TS), followed by a pseudo IRC15 calculation to confirm or generate potential energy minima 

that are connected by a given TS. For all stationary points identified throughout the research, force 

constants and the resulting vibrational modes (freq calculations) were computed; these comprised 

either zero or one imaginary frequency, the former corresponding to potential energy minima and 

the latter corresponding to first-order saddle points (transition states). Each of those calculations 

was carried out for molecules dissolved in toluene (as was the case in the experimental part) within 

the polarizable continuum model (PCM).16,17,26–34,18–25 For thermochemical calculations, standard 

pressure p=1.00000 atm and temperature T=373.150 K were applied. These conditions were used 

in order to genuinely reproduce the experimental environment. Finally, to account for the large 

differences in the number of atoms between individual systems, Boys-Bernardi counterpoise 

method35,36 was used for minimizing basis set superposition error. Up to four fragments were 

specified, depending on system size, out of the following blocks: sodium hydride, trimethylborane, 

styrene, phenylsilane/phenylgermane/diphenylgermane/triethylgermane.  Gaussian 16 program 

package was used for all quantum-chemical computations throughout our research.37 Basis Set 

Exchange resource was used to optimize the level of theory employed.38 

1.2. General remarks for experimental procedures

All reactions were performed in an oven-dried glassware under the argon atmosphere. Solvents 

were dried by distillation over sodium/benzophenone. Styrenes (Merck / Sigma-Aldrich) and 

germananes (GelEst Inc.) were used as supplied and degassed prior to use. Alkali metal 

trialkylborohydrides (Merck / Sigma-Aldrich) were commercially available as 1M solutions in toluene 

or THF and used as received. Gas chromatography was performed on a Bruker Scion 436-GC with 

a TCD detector. GC-MS analyses were performed on a Bruker Scion 436-GC with a Scion SQ-MS 

mass spectrometry detector. NMR analyses were performed on a Bruker Fourier 300 MHz or Bruker 

Avance III HD 400 MHz spectrometer and referenced to the solvent residual peak.

Dideuteriodiphenylgermane Ph2GeD2 was synthesised as described in the literature.39

Elemental analyses were performed using Thermo Scientific FLASH 2000 analyser. For oxygen 

content pyrolytic reactor was used. Presented values are averages of two combustions.



1.3. Representative procedure of hydrogermylation

A Schlenk bomb flask, previously oven dried and filled with argon, was charged with 1.0 mmol of 

germane, 1.0 mmol of alkene, 0.1 mL of mesitylene, and 1.0 mL of dry toluene. A GC reference 

sample of approx. 30 μL was drawn and 0.1 mL of 1M NaHB(s-Bu)3 solution was added. A magnetic 

stirring bar was placed into the reaction mixture, and the vessel was closed with a PTFE plug valve. 

The vessel was then placed in an oil bath preheated to 100 °C and the heating continued for 

24 hours. After this time, the vessel was cooled down and another GC sample was taken. To isolate 

the product, a portion of 5 ml of n-hexane was first added to the reaction mixture. After 60 minutes 

of stirring, the suspension was filtered through a 0.45 μm syringe filter and the filtrate was 

evaporated in vacuo. The crude product was purified by a chromatography column using a mixture 

of hexane and diethyl ether (9:1 v/v) as the eluent and SiO2 silanized with chloro(dimethyl)octylsilane 

as stationery phase.

1.4. Catalytic trial with benzylsodium

Benzylsodium solution was obtained as described in the literature.40

A solution of dried chlorobenzene (0.203 mL, 0.252 g, 2.25 mmol) in 3 mL of dry toluene was 

placed in a previously evacuated and filled with argon 25 mL flask with integrated air condenser, an 

inert gas bubbler, and a side arm. To this solution was added 0.115 g (5.0 mmol) of sodium freshly 

chopped into flakes under inert atmosphere. The mixture was then stirred under the flow of argon 

and  without heating for approximately 3 h, when initially rising temperature started to drop. It was 

then placed in an oil bath preheated to 115 °C and refluxed for 2 h. After cooling down to 

approximately 70 C, 200 µL of the resulting solution was drawn and used to induce activity in a 

typical reaction system comprising 1.0 mmol of diphenylgermane and 1.0 mmol of styrene. It was 

found out that after 8 h at 100 °C, the conversion of Ph2GeH2 was 40%.Detailed description 

of DFT calculations
As the beginning of the theoretical investigation, we attempted to build a general description of 

chemical entities that could determine mentioned regioselectivity of the reaction. It appeared natural 

that styrene should be activated by a nucleophilic attack on or an electrophilic attack from the 

terminal carbon atom in order to form a carbocation or a carbanion stabilized by resonance (as 

described in our preceding research).13 Hence, we expected a nucleophilic or electrophilic 

germanium species to be generated in the initial phase of the reaction. Only one of a number of 

ideas produced a coherent, stepwise pathway: one that would start with the reaction between 

NaHBMe3 and PhGeH3 and generate BMe3, molecular hydrogen and sodium 

dihydro(phenyl)germanide NaPhGeH2.41 However, despite NaPhGeH2 being formed more easily 

than NaPhSiH2, this mechanism still required overcoming a much higher energy barrier than styrene 

activation (ΔΔG > 30 kcal/mol) and did not provide a satisfactory explanation of reaction 

regioselectivity. Other concepts, such as generation of Na[PhGeH4], concerted reaction with 6-

membered transition state, and formation of (PhGeH3)2, did not produce complete reaction 

pathways and had to be ruled out. These computations were a further confirmation of a previously 

drawn conclusion that regardless of the final regioselectivity, the reaction was initiated by a 

nucleophilic attack of a hydride anion from NaHBMe3 on the terminal carbon atom of styrene (Figure 

1, M suffix), which is preferred over the attack on benzylic carbon (aM suffix). The observations for 

phenylgermane are almost identical as for phenylsilane; Chart 1 is introduced to give a picture of 

relative energies within the methodology applied in this study.

The explanation arrived with the subsequent step and the two different geometries of collision 

between the PhCH-CH3 carbanion (4M) and phenylgermane (Chart 2). One possibility involves the 



attack of the lone electron pair on germanium atom and the formation of a pentacoordinate 

germanium species with a new C-Ge bond (5M-7M). In the other one, which has been discarded in 

our previous studies due to much higher energy barriers in the case of reaction of PhSiH3, the same 

electron pair attacks a hydrogen atom in PhGeH3, rendering the aforementioned sodium 

dihydro(phenyl)germanide NaPhGeH2 (5M-8L). While we are fully aware that the carbanion can 

also attack BMe3 molecule released beforehand (this species was described in one of our previous 

papers),13 we do not discuss it here in detail for a number of reasons. First, this potential B-C bond 

still has to be broken in order to create a C-Ge or C-H bond; therefore, the relative energy 

differences between the two pathways of interest are not affected largely by such simplification; at 

the same time, computational complexity is significantly reduced. Moreover, our recent findings42 

elicit a supposition that due to a low concentration of free triethylborane in the reaction mixture, at 

least some portion of product molecules can result from a different mechanism in which NaHBMe3 

acts merely as an initiator.

If the pentacoordinate germanium anion 7M is formed, one of the hydrogen atoms bonded to 

germanium is removed to render the final product 11M. This can be done by a BMe3 molecule, 

regenerating NaHBMe3 (8M-10M), which re-enters the cycle and acts as a catalyst, a mechanism 

that has already been identified in our research. We also wanted to verify whether the hydrogen 

atom can be removed directly by another styrene molecule (8S-10S), starting a new cycle at 4M. 

This would eliminate the necessity for scarce BMe3 in favor of styrene, which constitutes a much 

more abundant component of the reaction mixture, at least in the initial phase of the reaction.

The last pathway that should be discussed, and the most fundamental one for hydrogermylation 

mechanism discussed herein, proceeds after sodium dihydro(phenyl)germanide 8L is formed. This 

species attacks a styrene molecule at the terminal carbon atom and produces a carbanion (9L-

11L). The latter is again a secondary, resonance-stabilized one; this time, however, the germanium 

atom is at an anti-Markovnikov position. The final product 15L is released after this carbanion 

abstracts a hydrogen cation from phenylgermane (12L-14L) and produces sodium 

dihydro(phenyl)germanide for a subsequent cycle.

The analysis of Figure 2 delivers a precise explanation for the anti-Markovnikov mode of reaction 

between phenylgermane and styrene. Starting from 5M, a barrier of only ca. 10.7 kcal/mol (6L) has 

to be overcome to generate NaPhGeH2 (7L); this can be viewed as the point of no return as the 

reverse reaction would require ca. 31 kcal/mol. When it comes to the Markovnikov mode, three 

barriers can be distinguished: 3.1 kcal/mol (pentavalent germanium anion 7M), 13.1 kcal/mol (weak 

complex with BMe3 8M) and 7.8 kcal/mol (abstraction of hydrogen by BMe3 9M); the subsequent 

drop in Gibbs free energy by 37.0 kcal/mol would also prevent reverse reaction. For a direct 

hydrogen transfer from pentavalent germanium to styrene, these three steps require 3.1 kcal/mol 

(7M), 6.1 kcal/mol (weak complex with styrene 8S) and 21.9 kcal/mol (hydrogen transfer 9S). These 

energy barriers explain well why NaPhGeH2 is generated and enters the anti-Markovnikov catalytic 

cycle. The cycle itself includes two transition states of 16.7 kcal/mol (styrene activation 10L; relative 

to preceding stationary point) and 12.7 kcal/mol (sodium dihydro(phenyl)germanide regeneration 

13L); the former is much lower than activation of styrene by NaHBMe3 (23.3 kcal/mol) and provides 

a convincing explanation for the anti-Markovnikov mode of reaction. Gibbs free energy profiles 

display similar features for diphenylgermane (Chart 3, transition states of 15.7 kcal/mol and 13.6 

kcal/mol in the anti-Markovnikov cycle) and triethylgermane (Chart 4, 17.4 kcal/mol and 18.2 

kcal/mol); it is worth noting that energies are generally 5-10 kcal/mol higher for the latter than for 

(di)phenylgermane (relative to isolated substrates). 

Finding a new reaction pathway leading to anti-Markovnikov product created the necessity to revisit 

our previous research on hydrosilylation in order to verify if they are not contradictory. Chart 5 



presents Gibbs free energy profiles for anti-Markovnikov and Markovnikov pathways (including the 

cycle with styrene abstracting hydrogen from pentavalent silicon). In this model, the Markovnikov 

mode presents three energy barriers from 5M to 10M that are almost identical to those for 

hydrogermylation: 1.7 kcal/mol (7M), 13.2 kcal/mol (8M) and 7.8 kcal/mol (9M), followed by energy 

decrease by 34.9 kcal/mol (the styrene pathway 8S-10S is again disfavoured). The anti-

Markovnikov mode, on the other hand, presents a significantly higher energy barrier than for 

germanium, i.e. 14.8 kcal/mol (6L), and a smaller decrease by 25.8 kcal/mol (7L). The anti-

Markovnikov cycle would also involve much higher energy barriers of 21.0 kcal/mol (10L) and 17.1 

kcal/mol (13L). Chart 6 gives an accurate picture of Gibbs free energy differences for anti-

Markovnikov hydrogermylation (observed experimentally) and anti-Markovnikov hydrosilylation (not 

observed experimentally). It should be stressed that although Gibbs free energy profiles match 

perfectly the experimental outcome of both hydrosilylation and hydrogermylation, we are aware of 

other factors that can impact the course of reaction. Two of them are especially worth noting: the 

low concentration of free BMe3, which favours the anti-Markovnikov mode (where BMe3 is 

unnecessary), and the geometry of collision between carbanion PhCH-CH3 and 

phenylgermane/phenylsilane, which favours the Markovnikov mode (C-Si and C-Ge bonds in 7M 

are formed much more easily than 6L transition state).



3. Analytical data of isolated products

3.1. Phenethyldiphenylgermane, 1

Ge
H

Off-white waxy solid, 240 mg (72%)
1H NMR (400 MHz, Chloroform-d) δ 7.56 – 7.02 (m, 20H), 5.26 (t, J = 3.2 Hz, 1H), 2.85 – 2.76 (m, 

2H), 1.66 – 1.56 (m, 2H).
13C NMR (101 MHz, Chloroform-d) δ 144.04, 136.51, 134.84, 129.96 – 124.98 (m), 31.91, 15.35. 

MS (EI, 70 eV), m/z (% rel. abund.): 334 (0.8, M+ isotopologue), 333 (0.7, M+ isotopologue), 229 

(100), 227 (69), 230 (58), 149 (92), 150 (81), 256 (26), 254 (23), 77 (14), 74 (16)

Elem Anal. (%):Calcd for C20H20Ge:  C: 72.14, H: 6.05 (C/H = 11.92); Found: C: 69.30, H: 5.83, 

N < LOD, O: 0.07 (C/H = 11.87); Corresponds to 96% purity 

3.2. (2-(Naphthalen-2-yl)ethyl)diphenylgermane, 2

Ge
H

Off-white solid, 310 mg (82%)
1H NMR (400 MHz, Benzene-d6) δ 7.69 – 7.04 (m, 20H), 5.22 (t, J = 3.2 Hz, 1H), 2.91 – 2.83 (m, 

2H), 1.61 (ddd, J = 11.7, 5.6, 3.2 Hz, 2H).
13C NMR (101 MHz, Benzene-d6) δ 141.44, 137.20 – 131.96 (m), Ge 129.50 – 124.54 (m), 32.00, 

15.13.

MS (EI, 70 eV), m/z (% rel. abund.): 384 (7, M+ isotopologue), 385 (5, M+ isotopologue), 383 (4, M+ 

isotopologue), 227 (100), 229 (96), 226 (79), 152 (68), 150 (64), 149 (58), 77 (16)

Elem Anal. (%): Calcd for C24H22Ge: C: 75.25, H: 5.79 (C/H = 13.00); Found: C: 73.76, H: 5.67, 

N < LOD, O: <LOD (C/H = 13.01); Corresponds to 98% purity

3.3.  (4-Methoxyphenethyl)diphenylgermane, 3

Ge
H3CO

H

Off-white solid, 273 mg, 75%
1H NMR (400 MHz, Benzene-d6) δ 7.60 – 6.69 (m, 14H), 5.20 (t, J = 3.2 Hz, 1H), 3.33 (s, 3H), 

2.77 – 2.71 (m, 2H), 1.56 (ddd, J = 11.6, 5.8, 3.3 Hz, 2H).



13C NMR (101 MHz, Benzene-d6) δ 158.20, 136.55, 135.91, 135.12, 134.78, 128.87, 128.82, 

128.26, 113.82, 54.44, 31.01, 15.61.

MS (EI, 70 eV), m/z (% rel. abund.): 364(3, M+ isotopologue), 365 (3, M+ isotopologue), 135 (100), 

150 (63), 151 (63), 229 (56), 227 (56), 149 (53), 136 (29), 79 (27), 77 (26)

Elem Anal. (%): Calcd for C21H22GeO: C: 69.48, H: 6.11, O: 4.41 (C/H = 11.37, C/O = 15.76); 

Found: C: 68.09, H: 5.96, N < LOD, O: 4.37 (C/H = 11.46, C/O = 15.58); Corresponds to 98% 

purity

3.4.  (2,2-diphenylethyl)diphenylgermane, 4

Ge
H

Pale yellow solid, 217 mg, 53%
1H NMR (300 MHz, Benzene-d6) δ 7.61 – 6.85 (m, 20H), 5.00 (t, J = 3.4 Hz, 1H), 4.15 (t, J = 

8.2 Hz, 1H), 2.03 (dd, J = 8.2, 3.4 Hz, 2H).
13C NMR (101 MHz, Benzene-d6) δ 146.10, 135.70, 129.56 – 124.89, 48.22, 21.52.

MS (EI, 70 eV), m/z (% rel. abund.): 409 (0.6, M+ isotopologue), 408 (0.3, M+ isotopologue), 410 

(0.3, M+ isotopologue), 229 (100), 230 (64), 227 (60), 149 (45), 151 (37), 150 (49), 332 (26), 333 

(23), 331 (21), 77 (21); 

Elem Anal. (%): Calcd for C26H24Ge: C: 76.33, H: 5.91 (C/H = 12.92); Found: C: 74.04, H: 5.76, 

N < LOD, O: < LOD (C/H = 12.85); Corresponds to 97% purity

3.5. Diphenyl(2-phenylpropyl)germane, 5

Ge
H

White waxy solid, 153 mg, 44%
1H NMR (300 MHz, Benzene-d6) δ 7.21 – 6.61 (m, 27H), 4.86 (t, J = 3.5 Hz, 1H), 2.67 (h, J = 

7.1 Hz, 1H), 1.46 – 1.22 (m, 2H), 0.97 (d, J = 6.9 Hz, 3H).
13C NMR (101 MHz, Benzene-d6) δ 148.51, 137.00, 136.85, 134.76, 134.66, 126.64, 125.99, 

37.32, 24.91, 23.75.

MS (EI, 70 eV), m/z (% rel. abund.): 347 (0.3, M+ isotopologue), 346 (0.3, M+ isotopologue), 345 

(0.3, M+ isotopologue), 348 (0.2, M+ isotopologue), 227 (100), 229 (95), 226 (77), 149 (53), 150 

(45), 152 (44), 270 (23), 271 (22), 79 (21), 77 (18)

Elem Anal. (%): Calcd for C21H22Ge: C: 72.68, H: 6.39 (C/H = 11.37); Found: C: 71.94, H: 6.35, N 

< LOD, O: < LOD (C/H = 11.33); Corresponds to 99% purity



3.6. (2-(naphthalen-2-yl)ethyl)(phenyl)germane, 6

Ge
H H

Off-white waxy solid, 110 mg (36%)
1H NMR (300 MHz, Chloroform-d) δ 7.99 – 7.01 (m, 12H), 4.35 (t, J = 3.2 Hz, 1H), 2.94 – 2.87 (m, 

1H), 1.52 (ddt, J = 11.4, 6.2, 3.2 Hz, 2H). 

MS (EI, 70 eV), m/z (% rel. abund.): 307 (13, M+ isotopologue), 308 (12, M+ isotopologue), 306 (7, 

M+ isotopologue), 156 (100), 155 (74), 152 (53), 157 (42), 129 (42), 127 (29), 150 (25), 229 (22), 

230 (21), 228 (19), 75 (18), 130 (16); 

Elem Anal. (%): Calcd for C18H18Ge: C: 70.46, H: 5.91 (C/H = 11.92); Found: C: 66.92, H: 5.62, N < 

LOD, O: 0.21 (C/H = 11.91); Corresponds to 95% purity



4. Charts
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5. NMR Spectra
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