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ABSTRACT: Doubly reduced 9,10-dihydro-9,10-diboraanthracenes (DBAs) are introduced as catalysts for hydrogenation as well 
as hydride-transfer reactions. The required alkali metal salts M2[DBA] are readily accessible from the respective neutral DBAs and 
Li metal, Na metal, or KC8. In the first step, the ambiphilic M2[DBA] activate H2 in a concerted, metal-like fashion. The rates of H2 
activation strongly depend on the B-bonded substituents and the counter cations. Smaller substituents (e.g., H, Me) are superior to 
bulkier groups (e.g., Et, pTol), and a Mes substituent is even prohibitively large. Li+ ions, which form persistent contact ion pairs 
with [DBA]2–, slow down the H2-addition rate to a higher extent than more weakly coordinating Na+/K+ ions. For the hydrogenation 
of unsaturated compounds, we identified Li2[4] (Me substituents at boron) as the best performing catalyst; its substrate scope en-
compasses Ph(H)C=NtBu, Ph2C=CH2, and anthracene. The conversion of E–Cl to E–H bonds (E = C, Si, Ge, P) was best achieved 
by using Na2[4]. The latter protocol provides facile access also to Me2Si(H)Cl, a most important silicone building block. Whereas 
the H2-transfer reaction regenerates the dianion [4]2– and is thus immediately catalytic, the H–-transfer process releases the neutral 
4, which has to be recharged by Na metal before it can enter the cycle again. In order to avoid Wurtz-type coupling of the substrate, 
the reduction of 4 must be performed in the absence of the element halide, which demands an alternating process management 
(similar to the industrial anthraquinone process). 

INTRODUCTION 

In addition to transition metal complexes and Frustrated 
Lewis Pairs (FLPs),1 main group species in low oxidation 
states are emerging as a third class of compounds capable of 
H2 activation.2 Three subclasses can be distinguished: 1. Sin-
gle-site activators possess a coordinatively unsaturated atom 
bearing a lone pair of electrons together with an orthogonally 
positioned vacant orbital. Examples include borylenes, car-
benes, and silylenes (cf. Bertrand’s borylene3 in Scheme 1). In 
all these cases the result is an oxidative addition of H2, but the 
actual reaction mechanisms differ between electrophilic (B, 
Si) and nucleophilic (C) activation.4 2. Compounds containing 
two mutually connected active sites are known with single as 
well as multiple bonds (cf. Yamashita’s diborane(4)5 in 
Scheme 1). As a general motif, the initial reaction step in-
volves donation of charge from the orbital of H2 to only one 
of the active sites. In a synergic electron flow, - or -electron 
density from between the main group centers accepts a proton 
and thereby splits the H2 molecule.6 3. Compounds containing 
two spatially separated active sites can nevertheless achieve a 
cooperative action of the latter on the H2 substrate.7 For the 
dianion salt Li2[1] (Scheme 1),8 quantum-chemical calcula-
tions revealed that the HOMO and the LUMO of [1]2– have the 
same local symmetries as the * and  orbitals, respectively, 
of the H–H bond. The spatial disposition of the frontier orbit-
als of [1]2– is also ideally suited for interaction with H2, which 
suggests a concerted, homolytic addition across both boron 
atoms.  

The discovery of main group compounds rivaling transition 
metal complexes for the cleavage of the thermodynamically 
stable H–H bond represented a paradigm shift in fundamental  

Scheme 1. Examples of H2 Activation with Boron Species 
in Low Oxidation States: Single-Site Activator (top), Com-
pound Containing Two Mutually Connected Active Sites 
(middle), and Compound Containing Two Spatially Sepa-
rated Active Sites (bottom). Dip = 2,6-diisopropylphenyl; 
Cy = spiro-cyclohexyl. 

 
research.9 In terms of synthetic applications, however, the H2-
addition products should not be inert thermodynamic sinks, 
but rather have the potential to hand over the received hydro-
gen atoms to an added substrate molecule. For FLPs such 
reactivity has been amply demonstrated and led to the devel-

1 
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opment of entire catalytic cycles.10 In contrast, hydrogenation 
reactions mediated by main group species in low oxidation 
states are essentially unknown11 and even reversible H2 activa-
tion has rarely been reported. One of the few examples is the 
singlet biradicaloid [P(µNTer)]2 (Ter = 2,6-bis(mesityl)-
phenyl), which adds H2 at room temperature across its phos-
phorus atoms and releases it again at 60 °C.12 Our group re-
cently observed a dynamic addition/elimination equilibrium 
between H2 and a derivative of Li2[1] bearing two alkynyl 
instead of hydrogen substituents at its boron atoms (cf. Li2[2] 
in Scheme 2).8 

Herein we use the parent Li2[1] as a platform for the devel-
opment of versatile hydrogenation catalysts. Our main group 
ambiphiles stand out for their ability to transfer not only one 
H2 molecule to unsaturated compounds, but also two H– ions 
to element halides. As key factors governing the catalyst per-
formance, the B-bonded substituents and the counter cations 
have been identified. Mechanistic studies helped to confirm a 
concerted H2 activation, explain the substrate scopes, and 
arrive at workable reaction conditions. 

 

RESULTS AND DISCUSSION 

The 9,10-dihydro-9,10-diboraanthracene (DBA) derivatives 
employed in this paper will be denoted as ‛A’ whenever we 
refer to the general structure. Arabic numerals are assigned to 
species carrying specific B-bonded substituents (cf. Scheme 
2). Aromatic dianion salts and their corresponding H2-
activation products are named M2[A] and M2[A-H2], respec-
tively (M+ = Li+, Na+, K+). The B-bonded substituents were 
chosen such that they cover a broad range of sizes (e.g., H < 
Me < aryl) and group electronegativities (e.g., alkyl < aryl < 
alkynyl). 

Synthesis of DBAs A, Their Dianion Salts M2[A], 
and Their H2-Activation Products M2[A-H2]. The B-
substituted DBAs 1-9 are accessible from 9,10-dibromo-DBA 
through (a) hydride transfer using Et3SiH (1),13 (b) nucleo-
philic substitution with LiC≡CtBu (2),8 (c) hydride transfer 
and subsequent hydroboration of HC≡CtBu (3),13  and (d) 
nucleophilic substitution with BrMgR (4-9; Scheme 2 top and 
the SI).14–16 The iPr derivative 6 underwent partial dehydrobo-
ration already during efforts at its purification by vacuum 
sublimation (110 °C, 10–3 mbar). Given that the H2-activation 
reaction with Li2[1] required temperatures of 100 °C,8 com-
pound 6 was regarded as too temperature sensitive to be con-
sidered further. All attempted reductions of 1-5 and 7-9 using 
Li metal, Na metal, or KC8 in THF quantitatively furnished the 
corresponding dianion salts M2[1]-M2[5] and M2[7]-M2[9] 
with the only exception of the KC8/2 system (Scheme 2 bot-
tom). H2-activation reactions were successfully performed 
with all alkali metal salts compiled in Scheme 2 (bottom), 
apart from Li2[3], which decomposed at the applied tempera-
ture of 100 °C, and Li2[9], which showed no reaction due to 
steric hindrance.  

In THF-d8 solution, compound 9 possesses an 11B NMR 
shift of 72 ppm,15 as is typical of three-coordinate triaryl-
boranes.17 The sterically less shielded derivatives are charac-
terized by 11B signals in the ranges 43-40 ppm (4, 5) and 38-36 
ppm (7, 8), at 33 ppm (2),18 and 22 ppm (1), testifying to the 
presence of (weak) solvent adducts. Upon reduction, all reso-
nances shift to higher field strengths (28-14 ppm). A success-

ful H2 addition is evidenced by doublet multiplicities of the 
11B signals and further upfield shifts to the region between –10 
and –24 ppm. 1H and 13C{1H} NMR spectra were recorded 
and assigned for all three substance classes A, M2[A], and 
M2[A-H2]. The signal patterns are in agreement with the pro-
posed structural motifs, which were also confirmed by X-ray 
analysis (cf. the SI for full details).  

Scheme 2. Top: Synthesis of Symmetrically Substituted 
DBA Derivatives: a) Et3SiH,13 b) LiC≡CtBu,8 c) 1. Et3SiH, 
2. HC≡CtBu,13 d) RMgBr, Toluene/Et2O, –78 °C to r.t. 
Bottom: Reduction of the DBA Derivatives with Alkali 
Metals; Reduction Successful (), Unsuccessful (), and 
not Investigated (–). 
 

 

Key Parameters Determining the H2 Activation 
with M2[A]. Influence of the B-bonded substituents: The 
conversion of M2[A] to M2[A-H2] leads to qualitatively similar 
changes in the 1H NMR spectra of all derivatives A = 1, 2, 4, 
5, 7, 8, which allowed us to monitor the reaction progress in 
dependence of the B-bonded substituents. We selected the 
Li2[A] salts for this purpose in order to maximize the time 
resolution, knowing that Li2[1] activates H2 at a much slower 
rate than K2[1].8 All samples were prepared in flame-sealed 
NMR tubes and stored at 100 °C for several days (0.050 mmol 
Li2[A], p(H2) < 1 atm at room temperature, THF-d8). NMR 
spectra were recorded in regular intervals at room temperature 
with short measurement times and thus under conditions at 
which the reaction comes to a halt. The conversion-time dia-
gram obtained reveals two important effects (Figure 1): 1. H2 
activation by the alkynyl derivative Li2[2] cannot be driven to 
completion, but reaches a dynamic addition/elimination equi-
librium.8,19 2. Smaller substituents result in faster H2 addition  
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Figure 1. Conversion-time diagram for the reactions between 
Li2[A] and H2 to give Li2[A-H2] (obtained from 1H NMR spec-
troscopy).  

 
(cf. H, C≡CtBu, Me vs. Et, mXyl, pTol). The latter finding can 
be rationalized by the fact that rapid H2 addition requires un-
hindered access of the substrate molecule to the reactive boron 
sites. Barriers along the trajectory are the [Li(thf)n]+ ions, 
which form contact ion pairs with the negatively charged B2C4 
heterocycles, not only in the solid state but also in THF solu-
tion.8 By the same token, an increasing bulk of the substituent 
has a negative impact on the H2 approach (kinetic control). 
One might argue that this effect could be compensated by a 
concomitant sterically induced weakening of the Li+∙∙∙[A]2– 
interaction, but this assumption is not supported by X-ray 
crystallography: the average distances between Li+ and the 
respective DBA centroids decrease rather than increase along 
the series [Li(thf)2]2[1] > [Li(thf)2]2[4] > [Li(thf)2]2[7] (1.960,20 
1.911,16 1.891 Å, respectively). 

Two questions are still remaining: 1. Why does the alkynyl 
species Li2[2] show such a peculiar behavior? 2. Why is the 
performance of the sterically similar pTol (Li2[7]) and mXyl 
(Li2[8]) derivatives so different? We suggest the following 
answers based on the different stabilities of the [A]2– ions (a 
justification will be given below):21 1. Of all species Li2[A], 
Li2[2] contains the most stable dianion, which decreases the 
exoergicity of the H2-addition reaction. At the same time, the 
high reaction velocity indicates an energetically low-lying 
transition state. Taken together, both factors render the for-
ward as well as reverse reaction thermodynamically and kinet-
ically feasible. 2. The stability of [7]2– is higher than that of 
[8]2–. If we assume a closely similar steric contribution of the 
pTol and mXyl substituents to the kinetic shielding of the 
boron centers, the dianion [8]2– should be more reactive. 

To a first approximation, the relative stabilities of the [A]2– 
ions are determined by the LUMO-energy levels of the neutral 
species A and, in turn, mirrored by the half-wave potentials 
E1/2 of the A/[A]– redox couples (Figure 2). Due to its electro-
negative C(sp) substituents, compound 2 indeed possesses the 

least cathodic redox potential, followed by 7 and then 8 with 
less electronegative C(sp2) aryl groups. Even harder to reduce 
are the C(sp3) alkyl derivatives 4 and 5. The reduction of the 
parent DBA 1 requires the most cathodic electrode potential, 
even though an H atom should be less electron releasing than, 
e.g., an alkyl substituent. Yet, as evidenced by the 11B NMR 
shifts mentioned above, 1 forms a strong THF adduct, which 
needs to be cleaved in the course of the reduction process and 
therefore hampers electron injection.18 To further substantiate 
this interpretation, we also computed the LUMO energy levels 
of the DBAs (B3LYP/6-31G*). Now that THF ligation is not 
an issue, all LUMO energies, including that of 1, follow the 
trend expected on the basis of electronic substituent effects 
(see the SI for more details). 

 
Figure 2. E1/2

Red1 values of the compounds 1, 2, 4, 5, 7, and 8 
(THF, room temperature, supporting electrolyte [nBu4N][PF6], 
referenced against internal FcH/FcH+). 

Influence of the counter cations: As mentioned above, the 
formation of contact ion pairs in M2[A] could impede the 
access of H2 to the boron centers. It is generally accepted that 
the affinity of an alkali metal ion M+ to the face of an aryl 
ring follows an electrostatic trend and consequently decreases 
with an increasing ionic radius of M+.22 This is strictly true for 
the gas phase, but also applies for THF solutions of M2[A]: 7Li 
NMR spectroscopy on Li2[1] provided evidence for the exist-
ence of contact ion pairs in THF-d8 solution.8 Corresponding 
information regarding the ion aggregation of Na2[1] and K2[1] 
was gained through 13C{1H} NMR spectroscopy. The periph-
eral o-phenylene carbon atom C-b is sensitive to changes in 
the -electron structure of the B2C4 ring  a higher charge 
density leads to a higher magnetic shielding.15 For Li2[1], 
Na2[1], and K2[1], (C-b) equals to 118.3, 115.9, and 115.1 
ppm, respectively. An M+ cation located above the B2C4 plane 
should pull away charge density from the dianion and con-
comitantly cause a more downfield-shifted C-b signal. We 
therefore conclude that Na2[1] and K2[1] establish less strong-
ly bound ion pairs than Li2[1]. In line with that, THF solutions 
of Na2[1] and K2[1] possess a deep green color, whereas those 
of Li2[1] are deep red. In the solid state, all three salts show 
the same structural motif of an inverse sandwich complex 
(Figure 3) and, in turn, exhibit the same dark red color. Given 
this background, the choice of M+ could provide a similar 
powerful set-screw for tuning the reactivity of M2[A] toward 
H2 as the selection of the B-bonded substituent. 
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Figure 3. Solid-state structures of the discrete inverse-sandwich 
complex [Li(thf)2]2[1] and the coordination polymers 
{[Na2(thf)3][1]}n and {[K2(thf)4][1]}n. C-bonded H atoms are 
omitted for clarity. Averaged M+∙∙∙COG distances [Å]: Li+ = 
1.960, Na+ = 2.239, K+ = 2.755; COG = centroid of the planar 
B2C4 ring. A description of the crystal structures is provided in the 
SI. 

To test this conclusion, we studied next the relative veloci-
ties of the H2-activation reactions using M+ = Li+, Na+, and K+ 
in combination with the best performing dianions [1]2–, [4]2– 
and the lowest performer [7]2– (Figure 4). At a temperature of 
100 °C, the Na+ species react significantly faster than the Li+ 
salts. A temperature decrease to 50 °C slows down the reac-
tion rate of Na2[A], whereas that of K2[A] is still high, even in 
the case of the pTol derivative K2[7]. All in all, a switch from 
Li2[A] to K2[A] cuts down the required reaction time from 
multiple days to few hours. 

 
Figure 4. Velocity of the H2 activation by M2[A] as a function of 
the nature of the counter cation and the B-bonded substituent.  

The H2-activation products Li2[1-H2], Na2[7-H2], K2[1-H2], 
K2[4-H2], and K2[7-H2] have been investigated by X-ray anal-
ysis.23 As a further counterion effect we note that Li2[1-H2] 
contains bent anions,8 whereas the anion in K2[1-H2] is per-
fectly planar (Figure 5 left). Moreover, the inverse sandwich 
structure is retained, thereby allowing a direct comparison of 
the K+∙∙∙COG distances before and after H2 addition, which 
reveals a remarkably small increase of less than 6% (av. val-
ues: 2.755 vs. 2.917 Å; COG = centroid of the planar B2C4 
ring). The other structurally characterized ions [A-H2]2– show 

bent frameworks. In agreement with a concerted, metal-like 
H2-addition mechanism,8 the B-bonded hydrogen atoms occu-
py axial positions of the boat-shaped B2C4 rings (cis configu-
ration; cf. the structure of [7-H2]2– in Figure 5 right). 

 
Figure 5. Solid-state structures of the discrete inverse-sandwich 
complex [K(18-c-6)]2[1-H2] (left) and a dianion of the dimeric 
[Na][Na(thf)2(18-c-6)][Na(thf)2]2(n-hexane)[7-H2]2 (right). C-
bonded H atoms are omitted for clarity. 

Each of the lithium salts Li2[A-H2] shows one set of 1H, 11B, 

and 13C{1H} NMR signals. The same is true for Na2[1-H2] and 
K2[1-H2]. In contrast, resonances assignable to two different, 
albeit closely related, products were observable after the quan-
titative conversion of Na2[4], Na2[7], K2[4], or K2[7] with H2.  
A subsequent 1H NMR monitoring of the K2[7]/H2 mixture 
revealed one strongly predominant product in the early stages 
of the reaction (THF-d8, 50 °C). Signals of a second product 
appeared as the reaction progressed and continuously gained 
intensity, even after full consumption of K2[7] (Figure 6). The 
primary reaction product thus rearranges to the second product  
 

 
Figure 6. Thermally induced isomerization of the H2-addition 
products K2[A-H2] (R = Me, pTol). 1H{11B} NMR spectra (500.2 
MHz, THF-d8) of the reaction mixtures K2[4]/H2 (top) and 
K2[7]/H2 (bottom) after 13 h at 50 °C. The ratios between the cis 
(■) configuration (primary product of the H2 addition) and the 
trans (▲) configuration (secondary product) depend on the B-
bonded substituent. 
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Figure 7. Left: Catalytic cycle for Li2[4] as the hydrogenation catalyst. Right: Cyclic process for the transformation of Et3SiCl into Et3SiH 
with Na2[4-H2] as the hydride donor. (a) H2 activation; (b) H2/2H– transfer; (c) DBA reduction.  

 
at the elevated temperature applied. Since the NMR character-
istics of the first as well as the second product point toward 
hydride diadducts of 9,10-(pTol)2-DBA, the difference must 
lie in their cis vs. trans configurations.24 Indeed, the THF-d8 
solution of manually selected single crystals of cis-Na2[7-H2] 
(confirmed by X-ray analysis; Figure 5 right) gave only one 
set of resonances (corresponding to those of the first product 
of the K2[7]/H2 reaction). During storage of the sample at 
50 °C, a second signal set evolved (corresponding to that of 
the second product of the K2[7]/H2 reaction).  

The nature of the primary hydrogenation products as cis-
M2[A-H2] confirms the mechanistic picture of a concerted, 
metal-like H2-addition reaction.8 The single diastereomer 
observed for Li2[A-H2] is therefore the result of a completely 
kinetically controlled process where subsequent isomerization 
to the trans isomer is not taking place (in contrast to the Na+ 
and K+ counterparts). In this context, we also treated the DBA 
derivative 4 in THF-d8 with 2 equiv of K[HBEt3], which 
should react in a non-concerted fashion (LiH, NaH, and KH 
react only slowly due to solubility issues). This time, an 
equimolar mixture of cis/trans-K2[4-H2] was obtained (cf. the 
SI for more details). 

The dianions trans-[A-H2]2– must either be planar or invert 
rapidly on the NMR timescale, because otherwise they could 
not give rise to the highly symmetrical signal patterns ob-
served (Figure 6).25 In THF, the activities of alkali metal hy-
drides as rearrangement catalysts follow the order KH >> NaH 
> LiH,26 which correlates with our observation that cis/trans 
isomerization is particularly pronounced for K2[7-H2], but not 
observed for Li2[7-H2]. We consequently propose dissocia-
tion/re-association of KH (or NaH) as key isomerization step. 
Apart from the counter cation, also the B-bonded substituent 
influences the cis/trans isomerization as evidenced by the fact 
that cis-K2[7-H2] rearranges to a larger extent than cis-K2[4-
H2] (Figure 6).  

Dual Role of M2[A-H2] as H2- and H–-Transfer 
Catalysts. FLPs are nowadays established hydrogenation 
catalysts, because they are capable not only of activating H2 
but also of transferring it onto a plethora of substrates. The 
observation that Li2[2-H2] liberates the added H2 even in the 
absence of an acceptor molecule suggests similarly useful 
applications for main group ambiphiles M2[A], too. Alterna-
tively, M2[A-H2] could supply two H– ions, which decidedly 
distinguishes them from classical FLPs, because the latter 
heterolytically cleave H2 to furnish only one H– ion together 
with a proton. Based on these considerations, we propose a 
dual role of the M2[A]/M2[A-H2] system both for the conver-
sion of unsaturated into saturated compounds (Figure 7 left) 
and the transformation of element–halogen into element–
hydrogen bonds (Figure 7 right). After successful H2 transfer, 
M2[A] is regenerated in an inherently catalytic process. The 
transfer of two H– ions, however, leaves the neutral DBA 
behind, which needs to be recharged with two electrons before 
it can activate a new H2 molecule and enter the cycle again. 

H2 transfer: For start, we discuss the scope and limitations 
of selected M2[A] derivatives as hydrogenation catalysts. The 
system was optimized with regard to the counter cation (M+ = 
Li+, Na+, or K+) and the B-bonded substituent (H, Me, or pTol) 
by using the imine Ph(H)C=NtBu as the model substrate (cata-
lyst loading: 37mol%, 1 atm H2, THF, 100 °C, 16 h; Table 1). 

Table 1. Percent Conversion of the Imine Ph(H)C=NtBu to 
its Hydrogenation Product Ph(H)2C–N(H)tBu Using Nine 
Different M2[A] Combinations (Catalyst Load: 37mol%, 1 
atm H2, THF, 100 °C, 16 h).  

[A]2– derivative M+ = Li+ M+ = Na+ M+ = K+ 

M2[1]  11 1 1 

M2[4]  97 27 1 

M2[7]  3 0 0 
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Irrespective of the choice of [A]2–, Li+ performed much bet-
ter than its higher homologs. The cation trend observed for the 
overall catalytic process (cf. entry 2) is in fact inverse to that 
observed for the H2-activation step alone (see above). Even 
though strong contact ion pair formation has an adverse effect 
on the H2 addition, it provides the necessary thrust for the H2 
transfer from Li2[A-H2] by thermodynamically stabilizing the 
liberated Li2[A] (cf. the H2 addition/elimination equilibrium 
observed for the particularly stable Li2[2]). Apparently, the 
beneficial influence of Li+ coordination on the second step 
outweighs its negative impact on the first step. 

Of the three B-bonded substituents studied, pTol turned out 
to be least suitable, likely because it exerts a high steric hin-
drance not only on H2 addition, but also on its transfer. The 
smaller Me substituent gave excellent results, but a further 
decrease in substituent size from Me to H led to a less active 
catalyst again. We assumed the origin behind this puzzling 
finding was a [4+2]-cycloaddition reaction between 
Ph(H)C=NtBu and Li2[1], which competes with H2 activation 
and poisons the catalyst. Such reactivity has its precedence in 
cycloadditions between Li2[1] or Li2[4] and carbonyl  
 

 

 
Figure 8. Top: Comparison of the interaction between Li2[A] and 
Ph(H)C=NtBu in dependence of the B-bonded substituents R = 
Me or pTol. The 1H NMR spectra of respective 1:1 mixtures were 
recorded immediately after sample preparation (500.2 MHz, THF-
d8). Bottom: Some substrates form irreversible [4+2]-
cycloaddition products with Li2[4], whereas others show no inter-
action. 

Figure 9. Solid-state structures of the anions of [Li(12-c-
4)2]H[10]∙THF (left) and [Li(12-c-4)(thf)][Li(12-c-4)][11] (right). 
Most C-bonded H atoms are omitted for clarity.  

compounds.16, 20 NMR spectra recorded on equimolar mixtures 
of Ph(H)C=NtBu and Li2[1] or Li2[4] showed signals assigna-
ble to the expected tricyclic skeletons, i.e., 1H-, 11B-, and 13C-
signal patterns indicative of C1-symmetric DBA fragments, 
proton-integral ratios in line with 1:1 cycloadducts, and 11B 
resonances typical of four-coordinate boron centers (cf. Figure 
8). Moreover, the cycloadduct Li2[10] of Li2[4] was structural-
ly characterized by X-ray diffraction, albeit only in its N- 
protonated form [Li(12-c-4)2]H[10] (Figure 9). We speculate 
that the crown ether-induced ion separation led to a signifi-
cantly enhanced basicity of the N atoms, which therefore 
abstracted protons from adventitious traces of water during the 
prolonged crystallization process (cf. the SI for more infor-
mation). In the case of Li2[1], cycloadduct formation is fast 
and quantitative already at room temperature; Li2[4] reacts at a 
much slower rate such that the NMR resonances of the two 
starting materials and the product Li2[10] are detectable at the 
same time (Figure 8). At 100 °C, the temperature required for 
imine hydrogenation, Li2[10] reverts back to a much higher 
degree than the corresponding Li2[1] cycloadduct, which 
straightforwardly explains the observed differences in the 
catalytic activities of Li2[4] vs. Li2[1]. We finally note that the 
pTol derivative Li2[7] shows no interaction with 
Ph(H)C=NtBu (Figure 8). 

Having identified Li2[4] as the best performing catalyst, we 
next confirmed that its loading can be cut down from the pre-
viously employed 37mol% to 10mol% without detrimental 
consequences on product yield and conversion time. As a 
proof-of-principle, the reaction was also conducted in a 
100 mL stainless steel autoclave to prepare 150 mg of 
Ph(H)2C–N(H)tBu (catalyst loading: 10mol%, 7 bar H2, THF, 
100 °C, 18 h). To obtain a first impression of the substrate 
scope, we selected the 10 unsaturated compounds compiled in 
Figures 7 and 8. Of these species, which contain either C=C 
double or C≡C triple bonds and differ in their steric and elec-
tronic properties, Ph2C=CH2 and anthracene underwent quanti-
tative hydrogenation. The remaining substrates that failed to 
be hydrogenated can be categorized in two groups: Members 
of the first group behave entirely inert toward Li2[4]/H2, 
whereas those of the second group form stable [4+2]-
cycloadducts with the [4]2– ion (for a crystallographic proof of 
the formation of the ethylene cycloadduct Li2[11] see Figure 
9).27 For a successful hydrogenation, one has therefore to 
maintain a delicate balance between the steric demands of the 
catalyst and the substrate molecules. 

Apart from steric influences also electronic factors likely 
govern the substrate scope. The Woodward-Hoffmann rules 
predict that the metal-like addition of an unpolar H–H bond 
across the boron atoms of M2[A] proceeds via a thermally 
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Figure 10. Illustration of the concerted H2 activation with M2[A] 
(allowed; left) and the H2 transfers from M2[A-H2] to either an-
thracene (allowed; middle) or an olefin (forbidden; right). 

allowed transition state (6 e–; Figure 10).8 The concerted H2 
transfer from M2[A-H2] to anthracene is also allowed (10e–), 
but forbidden for olefins and alkynes (8 e–).28 Related issues 
have already been discussed for the established H2-donor 
reagent 9,10-dihydroanthracene, an isoelectronic neutral ana-
log of [A]2–.29 Here it is generally accepted that the reactions 
follow two-step mechanisms, either involving initial H–-ion or 
H●-atom transfer.30 The lower electronegativity of boron com-
pared to carbon results in a more negative partial charge on the 
bridgehead hydrogen atoms of [A-H2]2– than on those of 9,10-
dihydroanthracene. An ionic pathway should therefore be 
favored in our case – also considering that we never observed 
indications for the presence of paramagnetic intermediates or 
byproducts during in situ NMR experiments (e.g., deuterium 
abstraction from THF-d8, unusual signal broadening).31 The 
assumption of an initial H–-ion transfer straightforwardly 
explains why [4-H2]2– failed to hydrogenate the enamine 1-(1-
piperidinyl)cyclohexene, an archetypal substrate in FLP-
reduction chemistry: Classical FLPs usually transfer an H+ ion 
first and after an H– ion and consequently prefer electron-rich 
reaction partners,10 whereas the opposite should be true for [4-
H2]2–. To further substantiate this interpretation, we treated 
Na2[4-H2] with 1 equiv of Et3SiCl and quantitatively obtained 
Et3SiH together with Na[4-H], a monoanion salt with only one 
remaining bridgehead hydrogen (cf. the SI and Ref.[32]). This 
experiment also lays the conceptual foundation for the use of 
[A-H2]2– as a source of two H– nucleophiles, which is dis-
cussed in the next paragraph.  

H– transfer: The transformation of element halides into el-
ement hydrides was optimized with the help of Et3SiCl as the 
model substrate. Contrary to the case of the hydrogenation 
reaction, a twofold H–-transfer from [A-H2]2– liberates the 
catalyst molecule in its spent neutral state A. A circular pro-
cess thus requires the re-reduction of A to [A]2– in the absence 
of Et3SiCl to avoid unwanted Wurtz-type coupling of the 
chlorosilane.33 The resulting necessity for a temporal separa-
tion of the alkali metal reduction and H2-activation steps from 
the H/Cl-exchange step demands an alternating addition of the 
three components to the catalyst system. Before the stoichio-
metric amount of Et3SiCl is allowed into the reaction vessel, 
the formation of [A-H2]2– has to be quantitative and should 
therefore proceed as fast as possible, which renders Na metal 
or KC8 the reducing agents of choice. Considering safety 
hazards and the higher lattice energy of NaCl compared to 
KCl,34 we identified Na2[4] as the best-suited catalyst system 
for the given purpose. It has to be emphasized that an alternat-
ing process management is not uncommon even on an indus-
trial scale, a famous example being the anthraquinone process 
for the production of H2O2.35 

Figure 11. 1H NMR spectra (400.0, 500.2 MHz; THF-d8) record-
ed after each step of the catalytic cycle shown in Figure 7 right; 
the reaction product Et3SiH is highlighted in beige; residual sol-
vent resonances are marked with (*). 
 
Figure 11 shows 1H NMR spectra recorded after each of the 
three reaction steps required to complete a full cycle. The 
individual conversions, carried out at 100 °C (H2 activation) or 
room temperature (H/Cl exchange; re-reduction of 4), are 
quantitative and perfectly selective with no detectable for-
mation of side products. The product Et3SiH does not interfere 
with any of the subsequent steps and can therefore be accumu-
lated over multiple cycles (a corresponding proof-of-principle 
experiment is outlined in the SI). As discussed above, the 
alternating process management is enforced by the fact that 
the reduction of 4 has to be carried out separately from the H–-
transfer reaction to circumvent wasting starting materials 
through unwanted Si–Si coupling. Yet, in the course of our 
studies we discovered an even more pressing reason that di-
rectly affects the integrity of the catalyst: The electron-rich 
[4]2– acts as a remarkable boron-centered nucleophile36 toward 
Et3SiCl and furnishes the monoanionic silylborate [MeB-
(oC6H4)2-B(Me)SiEt3]– containing one four-coordinate boron 
atom with a B–Si bond (cf. the SI for more information). 
The H/halogen-exchange reaction works faithfully not only for 
other tetrel halides, but also for PCl3 as an example of the 
pnictogen halides (Figure 7 right). A mere H– addition to give 
sodium formate was achieved for CO2.37 So far, we encoun-
tered no substrate limitations for Na2[4-H2] as a H– source, 
however, investigations are still ongoing. With the help of 
Me2SiCl2, we next addressed the question: Are partially hy-
drogenated products available if the number of halide substitu-
ents in the substrate molecules exceeds the number of provid-
ed H– ions? 1H and 29Si NMR spectroscopy on a 1:2 mixture of 
Na2[4-H2] and Me2SiCl2 revealed equimolar amounts of unre-
acted starting material (Me2SiCl2) and dimethylsilane 
(Me2SiH2) immediately after sample preparation. Over time, 
new resonances slowly grew in that were assignable to dime-
thylchlorosilane (Me2Si(H)Cl; Scheme 3). The compropor-
tionation reaction becomes significantly faster with increasing 
temperature (120 °C) and is mediated by the Lewis acidic 
borane 4.38 Thus, the DBA serves two purposes in the overall 
process, first to accomplish H2 activation/H– transfer and sec-
ond to catalyze the silane comproportionation. The obtained 
Me2Si(H)Cl is a most important building block for the silicone  

 

Page 7 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8 

 

Scheme 3. 1 Equiv Me2SiCl2 is Quantitatively Converted to 
1 Equiv Me2SiH2 Upon Treatment with 1 Equiv Na2[4-H2]. 
If an Excess of Me2SiCl2 is Present, the Lewis Acid 4 Cata-
lyzes a Subsequent Dismutation Reaction Furnishing 2 
Equiv Me2Si(H)Cl. 

 
industry, because it possesses two orthogonal reactive sites 
and can extensively be derivatized via hydrosilylation proto-
cols.39 

It has been proposed that the reduction of chlorosilanes with 
aluminium hydrides involves four-membered Al-H-Si-Cl rings 
in the transition state.40 A similar scenario is also conceivable 
for [4-H2]2– as the reducing agent. Alternatively, a chlorosilane 
R3SiCl could abstract one H– ion from Na2[4-H2] (or Na[4-H]) 
to afford Na[R3Si(H)Cl] and Na[4-H] (or 4). The subsequent 
elimination of NaCl from the five-coordinate Na[R3Si(H)Cl] 
should be facile. The comproportionation reaction Me2SiH2 + 
Me2SiCl2 → 2 Me2Si(H)Cl catalyzed by 4 likely starts with the 
formation of an adduct R3B∙∙∙H–Si(H)Me2. Such intermedi-
ates, which have already been described in the context of 
triorganylborane-mediated hydrosilylation and Piers-
Rubinsztajn reactions,41 are prone to nucleophilic attack at the 
silicon atom. If the incoming nucleophile is a chlorine substit-
uent of Me2SiCl2, the formation of a disilyl chloronium salt 
[R3BH][Me2(H)Si–Cl–Si(Cl)Me2] can be envisaged.42 H– 
migration from boron to silicon finally affords 2 equiv of 
Me2Si(H)Cl. 

 

CONCLUSION 

The ambiphilic doubly reduced 9,10-dihydro-9,10-
diboraanthracenes [DBA]2– described in this paper have taken 
the next step in mimicking transition metal complexes, be-
cause they not only activate H2 but can subsequently use both 
hydrogen atoms for further syntheses. Depending on the spe-
cific substrate, the transfer of the H2 equivalent either results 
in the hydrogenation of unsaturated bonds (formal delivery of 
an H+ and H– ion) or in the nucleophilic substitution at E–X 
bonds (delivery of two H– ions). If in the latter case the re-
leased neutral DBA is re-reduced, it can run through the pro-
cess again and thereby act as a rechargeable analog of NaBH4. 

For the H2-activation step alone, it is advantageous to select 
a weakly coordinating counter cation and a small B-bonded 
substituent in order to minimize steric hindrance to the ap-
proaching H2 molecule. An opposite counter cation effect is 
operative for the H2-transfer step, because cation coordination 
stabilizes the regenerated [DBA]2– dianion. Moreover, the B-
bonded substituent must not be too small to avoid catalyst 
poisoning through the formation of persistent substrate-
[DBA]2– cycloadducts. H– transfer proved less sensitive to the 
choices of the B-bonded substituents and the cations, such that 
the focus can be placed on maximizing the efficiency of the 
H2-activation step. We finally came to the result that Li2[4] 
and Na2[4] carrying Me groups at boron are best suited to 
mediate H2- and double H–-transfer reactions, respectively. 

We have shown in the past that a derivatization of the DBA 
scaffold is also facile at the o-phenylene rings.43 Almost any 
substitution pattern can be installed, which allows the prepara-
tion of custom-tailored catalysts. Yet, the largest potential for 
further improvement arguably lies in the replacement of the 
alkali metal reductants by an electric current to close the cata-
lytic H–-transfer cycle. 
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