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Herein thermal and catalytic dehydrogenation of the guan-
idine–borane adducts H3B·hppH (hppH = 1,3,4,6,7,8-hexahy-
dro-2H-pyrimido[1,2-a]pyrimidine) and H3B·N(H)C(NMe2)2

are analysed. Thermal decomposition of H3B·hppH at 80 °C
leads to [HB(µ-hpp)]2 and a second boron hydride, which is
tentatively identified as [(κ2N-hpp)BH2]. Decomposition in
boiling toluene (110 °C) leads to a mixture of [H2B(µ-hpp)]2

and [HB(µ-hpp)]2, from which [H2B(µ-hpp)]2 can be sepa-
rated and crystallised. In the presence of a catalyst (with
Cp2TiCl2/nBuLi or [Rh(1,5-cod)Cl]2 as precatalysts) dehydro-
genation at 80 °C leads predominantly to [H2B(µ-hpp)]2. In
the case of H3B·N(H)C(NMe2)2 uncatalysed dehydrogenation

Introduction

Interest in the well-known compound ammonia–borane
(AB) was refreshed since the compound was suggested as a
hydrogen storage material for mobile applications.[1] In the
search for ways to speed up H2 delivery, the transition-
metal-catalysed dehydrogenation of AB was studied experi-
mentally in some depth.[2] Thus, late-transition-metal com-
plexes such as the chloro-(1,5-cyclooctadiene)rhodium(I)
dimer, [Rh(1,5-cod)Cl]2, were found to catalyse dehydroge-
nation of AB.[3] With the catalyst [(pocop)Ir(H)2] [pocop =
1,3-(OPtBu2)2C6H3],[4] one equivalent of H2 is obtained
from AB in a few minutes at room temperature. Very re-
cently, Fe nanoparticles were prepared and shown to cata-
lyse fast hydrolytic dehydrogenation of AB.[5] Early transi-
tion-metal complexes were also studied. Whereas TiIV spe-
cies such as Cp2TiMe2 are not catalytically active,[3a] a mix-
ture of Cp2TiCl2 and nBuLi, which most likely contains the
intermediate TiII species Cp2Ti at temperatures exceeding
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turns out to be a very slow process even at 110 °C. Interest-
ingly, the ultimate product of this process is oligomeric meth-
ylimino borane, [HBNMe]n. This pathway can be modelled
and understood with the aid of quantum chemical calcula-
tions. Faster dehydrogenation can be initiated by addition of
a catalyst. Finally, the possible mechanisms for thermal and
Cp2Ti-catalysed dehydrogenation are analysed for the model
compound H3B·N(H)C(NH2)2 by means of quantum chemical
(DFT) calculations.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

–50 °C,[6] initiates dehydrogenation of the AB derivative
H3B·NMe2H at 20 °C.[7] Whereas catalysis with Cp2TiCl2/
nBuLi shows all signs of a homogeneous process, Rh clus-
ters and/or nanoparticles are the active species in Rh cataly-
sis.[8] Quantum chemical calculations on the TiCp2-cata-
lysed dehydrogenation of H3B·NMe2H predict an intramo-
lecular, stepwise mechanism.[9] Very recently, it was shown
that this dehydrogenation can also be initiated by acids.[10]

Although the accumulated data show that fast dehydroge-
nation can be achieved, the major obstacle for technology
based on AB is that no economically reasonable way has
yet been found to recycle the dehydrogenation products.[1]

In the past we synthesised the first representatives of a
new class of boron and gallium hydrides that are amenable
to dehydrogenation reactions. For this class of compounds,
dehydrogenation causes dimerisation and formation of a di-
rect E–E (E = B or Ga) bond [see Equation (1)]. Hence, we
already showed that thermally induced dehydrogenation of
H3B·hppH (1) (hppH = 1,3,4,6,7,8-hexahydro-2H-pyrim-
ido[1,2-a]pyrimidine, see Scheme 1)[11] leads to [HB(µ-
hpp)]2 with a rooftop-type structure. Some related mole-
cules with similar structures were subsequently synthesised
in our group (namely, [(Me2N)B(µ-hpp)]2, the monocations
[(Me2HN)B(µ-hpp)BCl]+ and [(Me2HN)B(µ-hpp)2B-
(NMe2)]+[12] and the dication [(Me2HN)B(µ-hpp)]22+[13])
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showing the tendency of the hpp– ligand to form such dinu-
clear complexes. Additional work in our group was con-
cerned with other guanidine adducts such as H3B·N(H)-
C(NMe2)2 (2; see Scheme 1)[14] and the comparison of
bonding in guanidine and amine group 13 element hydride
adducts.

(1)

Scheme 1.

Herein we analyse dehydrogenation in the absence and
presence of a catalyst and compare catalysed and noncata-
lysed dehydrogenation of 1 and 2. Although a comparison
with dehydrogenation of AB and derivatives is interesting,
it has to be stressed that it is not the intention of this article
to propose these two compounds for hydrogen storage. In
the course of our studies we succeeded in isolating and
structurally characterising with X-ray diffraction the elusive
[H2B(µ-hpp)]2 molecule (1c; Scheme 2). In addition to the
experimental work, quantum chemical calculations were
carried out on the simple model guanidine complex
H3B·N(H)C(NH2)2 (3; Scheme 1), to shed light on the pos-
sible reaction mechanisms for the thermal and the
Cp2TiCl2/nBuLi catalysed reaction. In these calculations we
followed the idea of an intramolecular, stepwise mechanism
that was found to be favoured in the case of H3B·NMe2H.[9]

Two possible pathways were considered for thermal and
catalytic dehydrogenation leading either to the allene-like
H2BNC(NH2)2 or to the diene-type H2BN(H)C(NH)-
(NH2), which subsequently dimerises. In addition, the first
steps of a thermal dehydrogenation process including iso-
merisation and decomposition to give amino and imino
borane oligomers is considered. The experimental results
will prove this pathway to be of importance.
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Scheme 2.

Results and Discussion

This section is divided into two parts. We start with an
analysis of the mechanism for thermal and Cp2TiCl2/nBuLi
catalysed dehydrogenation of model compound 3 on the ba-
sis of quantum chemical calculations. It will be shown that
these calculations help to understand the differences in the
dehydrogenation reactions between guanidine–boranes and
AB or derivatives. Afterwards we discuss the experimental
results obtained for compounds 1 and 2.

Quantum Chemical (B3LYP) Calculations

The catalytic dehydrogenation of H3B·NMe2H with
Cp2Ti (formed in situ from Cp2TiCl2 and nBuLi) has been
shown to be homogeneous, whereas that with [Rh(1,5-cod)-
Cl]2 is heterogeneous (or at least involves Rh clusters). Our
experimental results argue for a similar situation in the case
of the guanidine–boranes. This makes the Cp2Ti-catalysed
reaction a much easier system for calculations. In these cal-
culations we used the same method as in the recently pub-
lished theoretical work on dehydrogenation of H3B·
NMe2H.[9] However, we slightly modified the basis set. The
calculations were restricted to a step-by-step model that
does not consider the involvement of a second guanidine
molecule in the hydrogen elimination. In the case of
H3B·NMe2H, it was shown that such a step-by-step mecha-
nism is favoured kinetically over other possibilities. Even
with this restriction, we had to consider two possible path-
ways (in difference to the H3B·NMe2H case where only one
pathway is possible). If the N atom from which H is elimin-
ated is directly bound to B, being thus the imine N atom,
the process is named 1,2-dehydrogenation and leads to the
allene-type species H2BNC(NH2)2. If it is one of the N
atoms of the two amido (NH2) groups, the process is named
1,4-dehydrogenation and results in the diene-type species
H2BN(H)C(NH2)(NH). In the case of 1, only 1,4 dehydro-
genation is possible, and for 2 only 1,2-dehydrogenation is
possible. Therefore, these two molecules are ideal systems
to experimentally verify the theoretical results.

Uncatalysed Reaction

We first calculated the possible mechanism for the uncat-
alysed reactions. An H–H bond is formed at the expense of
B–H and N–H bonds in the course of dehydrogenation. To
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compare the results with the catalytic reactions, we assumed
a mechanism in which the first H2 molecule is eliminated
in an intramolecular process. The structures of the products
and the transition states for all considered pathways are il-
lustrated in Figure 1. Table 1 includes calculated thermo-
dynamic properties. Thermally induced 1,4-dehydrogena-
tion of 3 to give H2BN(H)C(NH2)NH in its diene-type
structure is associated with an energy change of
48.3 kJmol–1. ∆solvG0 including solvent effects amounts to
not more than +7.0 kJmol–1. These values are in good
agreement to previous calculations.[15] However, a standard
Gibbs free energy barrier (including solvent effects) of
109.2 kJmol–1 (at 298 K, 1 bar) opposes dehydrogenation.
The H–H bond length in the transition state measures
84.6 pm (compared to 74.4 pm in free H2). In the diene-
type product the B–N bond length (141.1 pm) is signifi-
cantly shorter than that in the adduct (159.9 pm). At the
transition state, the B–N bond length measures 149.9 pm
and is thus already significantly strengthened.

Figure 1. Calculated structures and ∆solvG for thermal 1,2- or 1,4-
dehydrogenation and isomerisation and decomposition under H2

elimination starting with 3.

The 1,2-dehydrogenation of 3 is associated with a change
in energy and standard Gibbs free energy (including solvent
effects) of 43.6 and 4.1 kJmol–1, respectively. A standard
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Table 1. Thermodynamic properties (∆E, ∆H0, ∆G0, ∆solvG0 all in
kJ mol–1) as calculated for thermal 1,4- and 1,2-dehydrogenation
starting with the model guanidine–borane adduct H3B·N(H)C-
(NH2)2 (TS = transition state).

∆E ∆H0 ∆G0 ∆solvG0

H3B·N(H)C(NH2)2 (3) 0.0 0.0 0.0 0.0
1,4-Dehydrogenation TS 100.7 86.1 91.5 109.2
H2BN(H)C(NH2)NH + H2 48.3 27.5 –6.3 7.0
1,2-dehydrogenation TS 194.1 177.4 179.1 196.5
H2BNC(NH2)2 + H2 43.6 21.6 –15.0 4.1
Isomerisation + 1,4-dehydrogenation
HNC(NH2)(NH2)·BH3 (3A) 56.3 58.7 60.6 65.6
H2NC(µ-N)(µ-NH2)BH2 + H2 141.6 118.9 86.8 91.1
H2BNH2 + NCNH2 + H2 106.9 72.7 –11.9 –5.7

Gibbs free energy barrier as high as 197 kJmol–1 separates
the reactant from the product. The transition state features
an H–H bond length of 101.2 pm. Again, the B–N bond
length in the allene-type product (136.5 pm) is much shorter
than that in the starting adduct (159.9 pm). With 156.1 pm,
the B–N distance at the transition state is close to that of
the reactant. In summary, both 1,4- and 1,2-dehydrogena-
tion are mildly endothermic, with ∆solvG0 values (including
solvent effects) next to zero. However, for both pathways
significant barriers were found, in agreement to the experi-
mental results (see below), showing that 1 and 2 are stable
species at room temperature. The significant difference in
the barrier height suggests that 1,4-dehydrogenation is
clearly kinetically favoured over 1,2-dehydrogenation for 3
if dehydrogenation is carried out thermally.

We also analysed subsequent dimerisation of the diene-
type H2BN(H)C(NH2)NH and the allene-type H2BNC-
(NH2)2 species to give [H2B{µ-N(H)C(NH2)(NH)}]2 and
[H2B{µ-NC(NH2)2}]2, respectively (see Figure 2 and
Table 2). As anticipated, dimerisation of H2BN(H)C(NH2)-
NH (to give an eight-membered ring) comes out to be more
exothermic than that of H2BNC(NH2)2 (to give a four-
membered ring). Interestingly, the calculations predict two
conformers of [H2B{µ-N(H)C(NH2)(NH)}]2 (“boat” and
“chair”) to exhibit almost similar energy. In the solid state,
only the chair conformation was found in the case of
[H2B(µ-hpp)]2 in our experiments (see below). In the case
of pyrazabole molecule 4 (see Scheme 1), a boat conforma-
tion is adopted, which is (according to B3LYP/6-311+G**)
21.0 kJmol–1 more stable than the chair conformation.[16]

Whereas dimerisation to the “boat” conformer of [H2B{µ-
N(H)C(NH2)(NH)}]2 is barrier-free (concerning the en-
ergy), an energy barrier of 25.0 kJmol–1 (barrier of the free
Gibbs energy of 78.1 kJmol–1 at 1 bar, 298 K) has to be
surpassed to obtain the dimer of H2BNC(NH2)2.

Hydrogen elimination from [H2B{µ-N(H)C(NH2)-
(NH)}]2 in its “boat” conformer to give the diborane
[HB{µ-N(H)C(NH2)(NH)}]2 is associated with a change in
the standard Gibbs free energy of 25 kJmol–1. In summary,
the calculations on the thermal pathway suggest the first
step in the elimination of the first H2 to be the rate-de-
termining step and predict 1,4-dehydrogenation to be fav-
oured over 1,2-dehydrogenation.
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Figure 2. Quantum chemical calculations on the dimerisation of the diene-type H2BN(H)C(NH2)NH and the allene-type H2BNC(NH2)2

molecules.

Table 2. Thermodynamic properties (∆E, ∆H0, ∆G0, ∆solvG0 all in
kJmol–1) as calculated for dimerisation of the diene-type H2BN-
(H)C(NH2)NH and the allene-type H2BNC(NH2)2 to give [H2B{µ-
N(H)C(NH2)(NH)}]2 and [H2B{µ-NC(NH2)2}]2 (see Figure 2 for a
visualisation of the structures).

∆E ∆H0 ∆G0 ∆solvG0

Dimerisation of H2BN(H)C(NH2)NH
� H2BN(H)C(NH2)NH 0.0 0.0 0.0 0.0
[H2B{µ-N(H)C(NH2)(NH)}]2
(“boat”-conformation) –183.9 –171.2 –108.9 –104.6
TS –154.8 –145.1 –81.3 –75.8
[H2B{µ-N(H)C(NH2)(NH)}]2
(“chair”-conformation) –182.7 –169.9 –109.0 –103.6
Dimerisation of [H2BNC(NH2)2]
� [H2BNC(NH2)2] 0.0 0.0 0.0 0.0
TS 25.0 27.6 78.7 78.1
[H2B(µ-NC(NH2)2]2 –137.3 –127.4 –68.0 –67.8

All these results are based on the assumption that 3 does
not rearrange prior to dehydrogenation. In principal, iso-
merisation to species 3A [see Equation (2)] is possible. How-
ever, according to quantum chemical calculations, this iso-
merisation is associated with a change in energy and stan-
dard Gibbs free energy (including solvent effects) of 56.3
and 65.6 kJmol–1, respectively. On the other hand, 3A is
amenable to 1,4-dehydrogenation, which should be associ-
ated with a lower activation barrier than that of 1,2-dehy-
drogenation. Interestingly, the quantum chemical calcula-
tions show that this pathway leads to decomposition [see
Equation (2)] and formation of H2BNH2 (which of course
oligomerises directly or after loss of an additional H2 to
give oligomeric amino boranes or imino boranes) and cyan-
amide (NCNH2). A four-membered ring H2NC(µ-N)(µ-
NH2)BH2 is a possible intermediate of this decomposition
(see Figure 1). Overall, this pathway is associated with ∆E,
∆H0, ∆G0 and ∆solvG0 values of 50.6, 14.0, –72.4 and
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–71.3 kJmol–1, respectively. The corresponding values for
reaction to the H2NC(µ-N)(µ-NH2)BH2 intermediate are
85.3, 60.2, 26.2 and 25.5 kJmol–1, respectively. Unfortu-
nately the activation barrier for this process was not found.
We will see in the following section that this route indeed is
of importance.

(2)

Catalysed Reaction

The transition states and minima calculated for the
Cp2Ti-catalysed 1,4-dehydrogenation of 3 are illustrated in
Figure 3. Table 3 contains the calculated thermodynamic
properties. In the first step, Cp2Ti forms a complex with 3
exhibiting a binding energy of –33.4 kJmol–1. ∆solvG0 for
complex formation amounts to 32.8 kJmol–1. The second
step is the transfer of the first hydrogen atom from N to
Ti and formation of a compound that can in an extreme
description be regarded as an ion pair [Cp2TiH]+[H3B·
N(H)C(NH)(NH2)]–, but with orbital interactions between
the ions and formation of a six-membered TiNCNBH ring.
The energy and standard Gibbs free energy (including sol-
vent effects) of this species are –128.8 and –39.0 kJmol–1,
respectively, with respect to the noninteracting reactants
Cp2Ti and 3. A barrier in the standard solvation Gibbs free
energy of 83.4 kJmol–1 (values again relative to free Cp2Ti
and 3) has to be surpassed. The next step is the conversion
of [Cp2TiH]+[H3B·N(H)C(NH)(NH2)]– into Cp2TiH2 and



H.-J. Himmel et al.FULL PAPER
H2BN(H)C(NH2)NH. The standard solvation Gibbs free
energy barrier of 63.2 kJmol–1 for this step is smaller than
that of the previous step. Finally, Cp2Ti is regenerated and
H2 is released, closing the catalytic cycle. The calculations
suggest the rate-determining step to be transfer of the first
H atom from the N to the Ti atom, in agreement with the
mechanism found for dehydrogenation of H3B·NHMe2.[9]

Figure 3. Calculated structures and thermodynamic properties for
Cp2Ti-catalysed 1,4-dehydrogenation of 3. The solvation free ener-
gies (∆solvG, in kJmol–1) are relative to [TiCp2] and 3. The two Cp
rings are omitted for clarity.

Table 3. Thermodynamic properties (∆E, ∆H0, ∆G0, ∆solvG0 all in
kJmol–1) as calculated for 1,4- and 1,2-dehydrogenation starting
with the model guanidine–borane adduct H3B·N(H)C(NH2)2 in the
presence of TiCp2 as catalyst (see Figures 3 and 4 for a visualisation
of the structures).

∆E ∆H0 ∆G0 ∆solvG0

1,4-Dehydrogenation
H3B·N(H)C(NH2)2 + TiCp2 0.0 0.0 0.0 0.0
M1 –33.4 –28.6 24.4 32.8
TS1 14.6 3.0 65.9 83.4
M2 –128.8 –126.1 –59.0 –39.0
TS2 –21.3 –26.3 40.5 63.2
M3 –33.6 –39.0 4.2 21.5
H2BN(H)C(NH2)(NH) + Cp2TiH2 –17.5 –29.2 –20.2 –13.5
H2BN(H)C(NH2)(NH) + Cp2Ti + H2 48.3 27.5 –6.3 7.0
1,2-Dehydrogenation
H3B·N(H)C(NH2)2 + TiCp2 0.0 0.0 0.0 0.0
M1 –29.2 –23.1 27.6 38.4
TS1 –16.3 –18.8 47.5 64.8
M2 –154.0 –151.7 –83.8 –60.8
TS2 –20.4 –30.8 26.5 45.2
M3 –31.8 –38.9 –2.3 18.9
H2BNC(NH2)2 + Cp2TiH2 –22.2 –35.1 –28.9 –16.4
H2BNC(NH2)2 + Cp2Ti + H2 43.6 21.6 –15.0 4.1

The mechanism of Cp2Ti-catalysed 1,2-dehydrogenation
is illustrated in Figure 4. Again, the first step is formation
of a complex, this time with a binding energy and standard
Gibbs free energy change (including solvent effects) of –29.2
and 38.4 kJmol–1, respectively. A first solvation Gibbs free
energy barrier of 64.8 kJmol–1 relative to the free reactants
separates the complex from the Ti intermediate [Cp2TiH]+-
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[H3BNC(NH2)2]–. Then, a second solvation Gibbs free en-
ergy barrier of 45.2 kJmol–1 has to be surpassed to yield
the allene-type species H2BNC(NH2)2 and Cp2TiH2. In
summary, the calculations predict the catalyst to lower sig-
nificantly the barrier for 1,2-dehydrogenation, whereas the
barrier for 1,4-dehydrogenation (which is already relatively
small) is only slightly reduced. Under the action of the cata-
lyst, 1,2-dehydrogenation becomes kinetically slightly fav-
oured over 1,4-dehydrogenation.

Figure 4. Calculated structures and thermodynamic properties for
Cp2Ti-catalysed 1,2-dehydrogenation of 3. The solvation free ener-
gies (∆solvG, in kJ mol–1) are relative to [TiCp2] and 3. The two Cp
rings are omitted for clarity.

Experimental Studies

The theoretical results discussed above will be compared
in the following to the experimental ones obtained for 1
and 2 (see Scheme 1). For this purpose, we first prepared
the two compounds H3B·hppH and H3B·N(H)C(NMe2)2

by reaction between H3B·NMe3 and hppH or HNC-
(NMe2)2 as reported previously[11,14] and started the dehy-
drogenation experiments with a clean toluene solution of
one of the guanidine adducts. The reaction products were
the same if dehydrogenation was carried out without isola-
tion of the adduct directly from the H3B·NMe3/hppH or
H3B·NMe3/HNC(NMe2)2 mixtures, but the relative product
yields varied slightly. As already mentioned, the two com-
pounds are ideal systems to verify the quantum chemical
calculations, as 1 is only amenable to 1,4-dehydrogenation
and 2 to 1,2-dehydrogenation. However, 2 could isomerise
and is then again amenable to 1,4-dehydrogenation [see
Equation (2)].

Uncatalysed Dehydrogenation of H3B·hppH (1)

Figure 5 shows 11B NMR spectra recorded before (i) and
after thermal treatment (ii: 80 °C, 23 h, iii: 110 °C, 23 h) of
a toluene solution of 1. The 11B NMR spectrum of 1 shows
a quartet centred at δ = –19.2 ppm [1J(11B,1H) = 93 Hz]. In



Thermal and Catalytic Dehydrogenation of Guanidine–Borane Adducts

both cases of thermal treatment this quartet was extin-
guished. At the same time, new signals appeared belonging
to three different boron products, which are denoted 1A–
1C in the following [see Figure 5, Scheme 2, Equations (3)
and (4)].

(3)

(4)

Figure 5. 11B NMR spectra (128.3 MHz) recorded before (i) and
after thermal treatment (ii: 80 °C; iii: 110 °C, concentration of 1
in toluene 0.046 molL–1; iv: 110 °C, concentration of 1 in toluene
0.123 molL–1) of a toluene solution of 1 for a period of 23 h. The
11B{1H} spectra are also shown underneath each spectrum with
coupling allowed.

The reaction at 80 °C led predominantly to species 1A
with a doublet signal centred at δ = 2.5 ppm [1J(11B,1H) =
123 Hz]. This species was unambiguously identified as
[HB(µ-hpp)]2, and its crystal structure was already reported
previously by us.[11,17] The 1H NMR spectrum of this spe-
cies (see Experimental Section) resembles that of [(Me2-
HN)B(µ-hpp)]22+[13] exhibiting a similar rooftop-type struc-
ture. A characteristic feature of the 1H NMR spectra of
these species is the different chemical shifts of the methylene
protons pointing into and away from the roof.[12] In
satisfying agreement with the experimental value of δ(11B)
= 2.5 ppm, quantum chemical calculations (see Supporting
Information) returned a δ(11B) value of –3.0 ppm for
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[HB(µ-hpp)]2. Quantum chemical calculations show that
formation of 1A with release of three equivalents of H2

from two moieties of 1 is associated with a ∆G0 value (1 bar,
298 K) of –93.8 kJmol–1. In addition to the doublet from
1A in the 11B NMR spectrum, a triplet due to a second
product 1B showed at δ = –6.2 ppm. The two most likely
candidates for this species are [H2B(κ2N-hpp)] and [H2B(µ-
hpp)]2 (see Scheme 2). The latter will be shown to exhibit a
different chemical shift. [H2B(κ2N-hpp)] was already pre-
viously proposed to be involved in the dehydrogenation re-
action,[15] so that we tentatively assigned the triplet signal
to [H2B(κ2N-hpp)] (1B). Although the hpp ligand generally
prefers a bridging (µ2) coordination, the κ2 mode is realised
in few cases, for example, recently in the PtIV complex [(κ2-
hpp)(hppH)PtCl2(OAc)].[18] There are also already some
structurally characterised guanidinate boron dichlorides
known in which the guanidinate is bound in a κ2-fashion
{e.g., [Cy2NC(NCy)2BCl2], [iPrNC(NCy)2BCl2][19] or
[Ph2NC(NMes2)2BCl2] (Mes = 2,4,6-trimethylphenyl) and
[Ph2NC(Ndipp)2BCl2] (dipp = 2,6-iPr2C6H3)}.[20] A calcu-
lated chemical shift δ(11B) of –2.6 ppm for [H2B(κ2N-hpp)]
compares with an experimentally observed one of
–6.2 ppm. DOSY NMR spectra recorded for the reaction
mixture are in line with our tentative assignment. Thus, in
toluene the diffusion coefficient for species 1A measures
5.01·10–10 m2 s–1. By using the Stokes–Einstein equation, a
hydrodynamic radius of 623 pm is calculated for this
species. Another species with a diffusion coefficient of
7.94·10–10 m2 s–1 is also present, corresponding to a radius
of 393 pm. Thus, the DOSY experiments indicate that a
significantly smaller species is indeed formed.

If the reaction is conducted at 110 °C, the adduct signal
also disappeared completely from the 11B NMR spectrum
and the doublet signal due to 1A was seen to grow in. The
signal due to 1B was absent, but a different triplet signal
due to a new product 1C [δ = –2.3 ppm, 1J(11B,1H) = 96 Hz]
appeared instead (see Figure 5). The mixture of compounds
was separated by removal of the toluene, addition of hexane
and filtration. Compound 1C turned out to be only sparsely
soluble in hexane and formed a precipitate that was after
filtration easily redissolved in toluene. The triplet pattern
observed in the 11B NMR spectrum (centred at δ =
–2.3 ppm, see Figure 5) proved the presence of H2B units.
The 1H{11B} NMR spectrum confirmed the presence of hy-
drogen atoms bound to boron (singlet at δ = 3.51 ppm).
Compound 1C was crystallised from dmso solutions and
identified unambiguously as the BIII hydride [H2B(µ-
hpp)]2. Figure 6 shows the molecular structure according to
an X-ray diffraction analysis. Figure 7 displays its NMR
spectra and Table 4 includes selected structural parameters.
There are two essentially identical crystallographically inde-
pendent centrosymmetric half molecules in the asymmetric
unit. In agreement with the results of quantum chemical
calculations (see Supporting Information), the two BH2

groups are located above and below the approximate plane
hosting the guanidinate rings thus adopting a chair confor-
mation, and as such, it resembles the structure found pre-
viously for [HClGa(µ-hpp)]2.[21] The chemical shift ob-
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served in the 11B NMR agrees with that observed for related
molecules. For comparison, δ(11B) = –8.8 ppm and
1J(11B,1H) = 108 Hz in the case of compound 4 (see
Scheme 1).[22] In difference to 1C, pyrazabole 4 prefers a
boat conformation.[16]

Figure 6. Molecular structure of [H2B(µ-hpp)]2 (1C). Ellipsoids are
drawn at the 50% probability level. Only one of the two indepen-
dent molecules is shown.

Figure 7. 1H [400 MHz, together with the 1H{11B} spectrum] and
11B NMR [128.3 MHz, together with the 11B{1H} NMR] of
[H2B(µ-hpp)]2 (1C).

At first glance it appears counterintuitive that higher
temperatures favour the formation of [H2B(µ-hpp)]2. The
results indeed argue against the formation of [HB(µ-
hpp)]2 by dehydrogenation of [H2B(µ-hpp)]2 at 80 °C. In-
stead, another reaction pathway leading to this species
should be favoured at this temperature. To obtain further
information, we carried out dehydrogenation experiments
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Table 4. Selected bond lengths (in pm) and angles (in °) as mea-
sured by X-ray diffraction for the two independent molecules
[H2B(µ-hpp)]2 (compound 1C).

B1–N1 156.2(4)/157.8(4) B1–N2� 156.5(3)/156.4(4)
B1–H1A 116(2)/114(2) B1–H1B 111(2)/113(2)
C1–N1 135.4(3)/136.2(4) C1–N2 132.8(4)/131.8(4)
C1–N3 135.9(3)/135.2(4)
N1–B1–N2� 115.6(2)/116.1(2) N1–B1–H1A 107(2)/107(2)
N1–B1–H1B 114(2)/109(2) N1–C1–N2 119.5(2)/118.7(3)
N1–C1–N3 119.5(3)/119.0(3) N2–C1–N3 121.1(2)/122.3(3)

at 110 °C of toluene solutions with different concentrations
of 1. The spectra obtained for a highly concentrated solu-
tion are included in Figure 5(iv). It can be seen that the
relative intensities of the signals due to 1A and 1C change.
Thus, the signal due to 1C gains intensity relative to that of
1A for higher concentrations. The fact that the relative
product yields alter with the concentration of 1 clearly
shows that an intermolecular pathway is followed.

The isolation of [H2B(µ-hpp)]2 gives us the opportunity
to analyse the conditions for its thermal dehydrogenation.
Three experiments were carried out to initiate dehydrogena-
tion of compound 1C: (a) microwave-assisted dehydrogena-
tion under pressure of a solution of clean [H2B(µ-hpp)]2 in
toluene at an estimated temperature of 170 °C, (b) thermal

Figure 8. 11B NMR spectra (at 128.3 MHz) in toluene recorded
before (upper trace) and after (lower trace) (a) microwave-assisted
heating of a toluene solution of 1C to 170 °C and (b) heating solid
1C to 200 °C.
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dehydrogenation of a solid sample of 1C at 200 °C and (c)
heating of a solution of 1C in toluene to 110 °C for 6 h.
Surprisingly, the spectra recorded for experiment (c) gave
no evidence for any reaction product, which indicates that
[H2B(µ-hpp)]2 is a quite stable species. Figure 8a displays
the 11B NMR spectra recorded before and after microwave-
assisted dehydrogenation at 170 °C. A small amount of 1A
was formed, but the signal of 1C still dominated the spec-
trum. On the other hand, dehydrogenation occurred fast in
the solid state at 200 °C (see Figure 8b) with 1A being the
main product. Of course, the reaction mechanism could be
different in solution and in the solid phase. In the case of
AB and borane adducts to primary and secondary amines
it is known that decomposition in the solid state occurs
through an intermolecular mechanism that can be ex-
plained by the presence of intermolecular N–H···HB dihy-
drogen bonding.

Uncatalysed Dehydrogenation of H3B·N(H)C(NMe2)2 (2)

Figure 9 displays the 11B NMR spectra recorded before
(i) and after stirring a solution of H3B·N(H)C(NMe2)2 in
toluene for 20 h at 80 °C (ii) and for 6 h to 110 °C (iii). New
species 2A was formed in small amounts [δ(11B) =
–12.6 ppm, q, 1J(11B,1H) = 98 Hz] in these experiments, but
the starting adduct at δ(11B) = –19.5 ppm [1J(11B,1H) =
95 Hz] was still the main component in solution. From the
quartet structure of the 11B signal and its position, 2A can
be assigned to a base adduct of BH3. One possible author
of this signal is the isomer of H3B·N(H)C(NMe2)2, in which
one of the N atoms of the amido (NMe2) groups is bound
to boron. Quantum chemical calculations (see Supporting
Information) predict this isomer to be less stable by
74.19 kJmol–1 (isomerisation is associated with a change in
the Gibbs free energy of 81.76 kJmol–1) with respect to 2.
As already mentioned, this isomer is amenable to 1,4-elimi-
nation. ∆G0 for this process leading first to H2BNMe2 and
NCNMe2 [see Equation (5)] is calculated to be
–151.4 kJmol–1.

(5)

It is worth mentioning in this context that the Ga ana-
logue of 2, H3GaN(H)C(NMe2)2, was also observed to de-
compose upon mild heating to give, besides other products,
the cluster HN{[HGaNMe][H2GaNC(NMe2)2]}3GaH.[23]

The [HGaNMe] group within this cluster should arise from
such a decomposition pathway. [H2GaNC(NMe2)2] can
either stem from 1,2-dehydrogenation of the Ga analogue
of 2 or from reaction between H2GaNMe2 and NCNMe2.
To obtain further information, solutions of 2 were sealed in

Eur. J. Inorg. Chem. 2008, 5482–5493 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5489

Figure 9. 11B NMR spectrum (at 128.3 MHz) before (i) and after
heating a toluene solution of 2 for 20 h to a temperature of 80 °C
(ii) and for 6 h to a temperature of 110 °C (iii). Trace (iv) shows
the spectrum after dehydrogenation at 80 °C for 6 d in an NMR
tube. For (iv) the 11B{1H} spectrum is additionally shown.

NMR tubes and heated for 6 d at 80 °C. In the 11B NMR
spectrum recorded afterwards [see Figure 9(iv)] the signals
of 2 were absent. The spectrum was dominated by a new
intense doublet at δ = 29.3 ppm [1J(11B,1H) = 128.8 Hz].
This signal can be assigned to oligomeric methylimino bo-
rane, [HBNMe]n. For comparison, δ = 31.7 ppm and
1J(11B,1H) = 130 Hz were reported for trimethyl borazine,
[HBNMe]3.[24] In the 1H NMR spectrum, an intense singlet
showed at δ = 2.6 ppm, which is close to the reported value
in [HBNMe]3 (δ = 3.0 ppm). Thus, under the applied condi-
tions dihydrogen elimination is a very slow process and
leads to decomposition and, upon further methane elimi-
nation, formation of oligomeric [HBNMe]n according to
Equation (5). This result is in full agreement with the quan-
tum chemical calculations.

Catalysed Dehydrogenation of H3B·hppH (1)

In further experiments, dehydrogenation of compounds
1 and 2 was followed in the presence of the potential precat-
alysts [Rh(1,5-cod)Cl]2 and Cp2TiCl2/nBuLi. As mentioned
in the introduction, these precatalysts were shown to initiate
the room-temperature dehydrogenation of amine bor-
anes;[3,4] the reaction involving the Rh complex is an exam-
ple of heterogeneous catalysis and that involving the Ti
complex is an example of homogeneous catalysis. We pres-
ent here the results obtained with the Rh catalyst, but the
results obtained with Cp2TiCl2/nBuLi follow a similar
pattern. The appearance of a black metal precipitate signals
that the [Rh]-catalysed reaction represents, like that of
H3B·NMe2H, a heterogeneous process. A first important
result of our studies was that experiments at temperatures
below 80 °C showed little change even for prolonged reac-
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tion times. In contrast to H3B·NMe2H, for which catalytic
dehydrogenation already occurs at room temperature, dehy-
drogenation of the guanidine–boranes is obviously sub-
jected to a significantly higher barrier even in the presence
of a catalyst. NMR spectra were recorded before and after
heating a toluene solution of 1 containing the Rh catalyst
to a temperature of 80 °C. These experiments showed that
reaction in the presence of the catalyst leads at 80 °C pre-
dominantly to 1C, [H2B(µ-hpp)]2 [Equation (6)]. This is in
clear contrast to the uncatalysed reaction, for which no sig-
nificant amount of [H2B(µ-hpp)]2 was formed under these
conditions. The 1H NMR gave, in addition, evidence for the
formation of smaller amounts of species 1F, which was not
observed in the absence of a catalyst.

(6)

In summary the results show that 1C, [H2B(µ-hpp)]2, is
formed at 80 °C in the presence of a catalyst, whereas the
uncatalysed reaction at 80 °C leads to 1A, [HB(µ-hpp)]2,
and 1B, (most likely) [H2B(κ2N-hpp)]. The step-by-step
mechanism suggested by the quantum chemical calculations
is in line with the experimental results in the case of the
catalytic reaction. The uncatalysed dehydrogenation, how-
ever, follows a more complicated intermolecular pathway.

Catalysed Dehydrogenation of H3B·N(H)C(NMe2)2 (2)

The presence of the catalyst has a strong effect on the
reaction in the case of the tetramethylguanidine adduct. De-
hydrogenation in the absence of a catalyst is an extremely
slow process at 80 °C and leads ultimately to decomposition
and formation of oligomeric imino borane. In contrast, the
catalyst initiates dehydrogenation at 80 °C in much shorter
times. This result is in full agreement with the quantum
chemical calculations, as now 1,2-dehydrogenation of 2 is
possible. Figure 10 displays the 11B NMR spectra before
and after heating a toluene solution of 2 for 20 h to 80 °C
in the presence of the Rh catalyst. The signals due to 2
disappeared completely. The quartet due to species 2A,
which was also visible in the absence of the catalyst, ap-
peared with weak intensity. Most importantly, the spectrum
was dominated by two triplets at δ = –4.4 [1J(11B,1H) =
103 Hz] and –1.9 ppm [1J(11B,1H) = 101 Hz], which were
assigned to boron compounds 2B and 2C featuring four-
coordinate B atoms. The quantum chemical calculations on
3 suggest that 1,2-dehydrogenation is favoured in the pres-
ence of a catalyst, and for 2 only 1,2-dehydrogenation is
possible. Therefore, we tentatively assign 2B to the
HNC(NMe2)2 adduct of H2BNC(NMe2)2 and 2C to the di-
mer [H2B{µ-NC(NMe2)2}]2 or the trimer [H2B{µ-
NC(NMe2)2}]3 (see Scheme 3). Dimerisation and trimeris-
ation of H2BNC(NMe2)2 according to Equation (7) is asso-
ciated with an energy change of –102.6 and –137.9 kJmol–1,
respectively. The calculated 11B chemical shifts for 2B and
[H2B{µ-NC(NMe2)2}]2 are –11.9 and –9.2 ppm, respec-
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tively. In addition to these two species a broad feature grew
in at δ = ca. 26–28 ppm, which can be assigned to oligo-
meric and polymeric methylimino boranes. Thus, in the
presence of a catalyst 1,2-dehydrogenation indeed becomes
favoured over isomerisation and 1,4-dehydrogenation with
decomposition into methylimino borane oligomers, in
pleasing agreement with the quantum chemical calculations.

(7)

Figure 10. 11B NMR spectrum (at 128.3 MHz) before (upper trace)
and after [lower trace, together with the 11B{1H} NMR] heating a
toluene solution of 2 for 20 h to a temperature of 80 °C in the
presence of the Rh catalyst.

Scheme 3.

Conclusions

In this work the thermal and catalytic dehydrogenation
of the two guanidine–borane adducts H3B·hppH (hppH =
1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidine) and
H3B·N(H)C(NMe2)2 were analysed experimentally. In ad-
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dition to the experimental work, dehydrogenation was
studied by means of quantum chemical calculations for the
model complex H3B·N(H)C(NH2)2. The calculations were
built on the assumption of a step-by-step mechanism
(shown previously to be favoured in the case of
H3B·NHMe2), in which the first products are either the al-
lene-type H2BNC(NH2)2 (1,2-dehydrogenation) or the
diene-type H2BN(H)C(NH2)(NH) (1,4-dehydrogenation),
which afterwards dimerise. An alternative route that in-
cludes isomerisation of the adduct followed by dehydroge-
nation and decomposition to give oligomeric amino bor-
anes and imino boranes was also considered.

The calculations clearly showed that the barrier for ther-
mal 1,2-dehydrogenation is much higher than that for 1,4-
dehydrogenation arguing for a kinetic preference for 1,4-
elimination. Interestingly, the catalyst lowers significantly
the barrier for 1,2-dehydrogenation, indicating that the cat-
alyst could alter the preferred reaction channel. The experi-
mental results show that thermal dehydrogenation of guan-
idine–boranes is a complex process. In the case of H3B·
N(H)C(NMe2)2, dehydrogenation is accompanied by de-
composition, leading finally to oligomeric methylimino bor-
ane. The calculations suggest that such a reaction is gen-
erally preferred for guanidines with hydrogen attached to
the imine N atom. Decomposition processes of this kind
could open up a new, previously unknown route to borazine
and imine borane derivatives. In the case of H3B·hppH,
thermal dehydrogenation proceeds through an intermo-
lecular mechanism to give the dinuclear species [H2B(µ-
hpp)]2 and [HB(µ-hpp)]2, as well as the mononuclear com-
pound [H2B(κ2N-hpp)]. The product distribution depends
on the temperature and the concentration. [H2B(µ-hpp)]2
turned out to be surprisingly stable and eliminated slowly
dihydrogen in solution only at high temperatures under the
assistance of microwave treatment, although the reaction is
associated with a negative ∆G0 value. This result implies
that the compound is not suitable as a hydrogen transfer
reagent. It is a subject of ongoing research in our group to
find ways to speed up this process (by modification of the
guanidine). The reactions in the presence of a catalyst are
in line with the simple “step-by-step” model analysed in
the quantum chemical calculations. H3B·hppH undergoes
catalytic 1,4-dehydrogenation leading to [H2B(µ-hpp)]2, and
H3B·N(H)C(NMe2)2 undergoes 1,2-dehydrogenation to
give [H2BNC(NMe2)]n (n = 1, 2 or 3). This work provides
the basis for future experimental work aiming at the synthe-
sis of oligomeric boron compounds by decomposition of
mononuclear guanidine–borane adducts.

Experimental Section
General: Standard Schlenk techniques were applied for all reac-
tions. The solvents were dried and distilled by using standard meth-
ods. H3B·NMe3, hppH and 1,1,3,3-tetramethylguanidine were pur-
chased from Sigma–Aldrich and used as delivered. H3B·hppH (1)
and H3B·N(H)C(NMe2)2 (2) were prepared from H3B·NMe3 and
hppH or HNC(NMe2)2 as described previously.[11,14] NMR spectra
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were measured with a Bruker AVII 400 or a Bruker AVIII-600 spec-
trometer. Microwave-assisted dehydrogenation experiments were
conducted by using a CEM Discover BenchMate (CEM Corp.,
Matthews, NC). Reactions were performed in 10-mL pressurised
vials with “snap-on” caps, which automatically vent the vessel if
the internal pressure exceeds 20 bar.

1: 1H NMR (400 MHz, C6D6): δ = 6.29 (s, 1 H, NH), 3.34 (t, 3J =
5.9 Hz, 2 H, H5), 2.83 (br. q, 1J = 93 Hz, BH), 2.27 (t, 3J = 5.9 Hz,
2 H, H3), 2.13 (t, 3J = 6.0 Hz, 2 H, H7), 2.03 (t, 3J = 6.0 Hz, 2 H,
H1), 1.17 (quint, 3J = 6.0 Hz, 2 H, H6), 0.91 (quint, 3J = 6.0 Hz,
2 H, H2) ppm. 13C NMR (100.6 MHz, C6D6): δ = 150.69 (C4),
47.47 (C5), 47.27 (C7), 46.82 (C1), 38.38 (C3), 21.80 (C6), 21.57
(C2) ppm. 11B NMR (128.3 MHz, C6D6): δ = –19.1 [q, 1J(B,H) =
93 Hz] ppm.

2: 1H NMR (400 MHz, C6D6): δ = 4.61 (s, 1 H, NH), 2.80 [br. q,
1J(B,H) = 95 Hz, 3 H, BH3], 2.51 (s, 6 H), 1.72 (s, 6 H) ppm. 13C
NMR (150.9 MHz, [D8]toluene): δ = 163.88, 39.99, 38.19 ppm. 11B
NMR (128.3 MHz, C6D6): δ = –19.50 [q, J(B,H) = 95 Hz] ppm.
15N NMR [60 MHz, [D8]toluene, with NH3(l) as reference]: δ =
116.5 (d, 1J = 78 Hz, NH), 56.0 (NMe2), 58.8 (NMe2) ppm.

Uncatalysed Dehydrogenation of 1 at 80 °C: A solution of
H3B·hppH (0.15 g, 0.98 mmol) in toluene (10 mL) was stirred for
23 h at 80 °C. Removal of the solvent resulted in an oil, the 11B
NMR spectrum of which showed the presence of four products,
namely 1A [δ = 2.5 ppm, d, J(B,H) = 123 Hz] and 1B [δ = –6.3 ppm,
d, J(B,H) = 102 Hz] as well as, in small amounts, 1D (δ = 22.4 ppm,
s) and 1E (δ = 28.1 ppm, s). Data for [HB(µ-hpp)]2 (1A): 1H NMR
(600 MHz, [D8]toluene): δ = 3.43 [ddd, 2J(H2a,H2b) = 12.5 Hz,
3J(H2a,H3) = 5.3 Hz, 4 H, H2a], 3.32 [ddd, 2J(H2b,H2a) =
12.5 Hz, 3J(H2b,H3) = 4.5 Hz, 4 H, H2b], 2.46 [ddd, 2J(H4a,H4b)
= 11.3 Hz, 3J(H4a,H3) = 4.5 Hz, 4 H, H4a], 2.36 [ddd,
2J(H4b,H4a) = 11.3 Hz, 3J(H4b,H3) = 5.3 Hz, 4 H, H4b] 1.48 (m,
4 H, H3) ppm. 13C NMR (150.92 MHz, [D8]toluene): δ = 47.20
(C4), 45.81 (C2), 23.37 (C3) ppm. 11B NMR (128.30 MHz, [D8]-
toluene): δ = 2.5 [d, J(B,H) = 123 Hz] ppm.

Uncatalysed Dehydrogenation of 1 at 110 °C: A solution of
H3B·hppH (0.071 g, 0.46 mmol) in toluene (10 mL) was stirred for
23 h at 110 °C. Removal of the solvent resulted in an oil, the 11B
NMR spectrum of which showed the presence of species 1A and 1C
and, in small amounts, 1D and 1E. Data for [H2B(µ-hpp)]2 (1C): 1H
NMR (400 MHz, C6D6): δ = 3.25 [t, 3J(H2,H3) = 5.8 Hz, 8 H, H2],
2.47 [t, 3J(H4,H3) = 6.6 Hz, 8 H, H4], 1.49 [quint, 3J(H3,H2) =
5.8 Hz, 3J(H3,H4) = 6.6 Hz, 8 H, H3] ppm. 13C NMR
(100.56 MHz, C6D6): δ = 47.88 (C4), 47.66 (C2), 24.11 (C3) ppm.
11B NMR (128.3 MHz, C6D6): δ = –2.4 [t, J(B,H) = 100 Hz] ppm.

Microwave-Assisted Dehydrogenation of [H2B(µ-hpp)]2 (1C) at
170 °C: [H2B(µ-hpp)]2 (0.06 g, 0.20 mmol) was placed into the mi-
crowave vessel and dissolved in toluene (9 mL). The sealed vessel
was exposed to microwave irradiation (200 W) for 15 min at a tem-
perature of 170 °C. The 11B NMR spectrum showed mainly unre-
acted 1C and the formation of [HB(µ-hpp)]2 (1A) in a small
amount.

Dehydrogenation of Solid [H2B(µ-hpp)]2 (1C) at 200 °C: A sample
of [H2B(µ-hpp)]2 (0.08 g, 0.26 mmol) was heated under an Ar at-
mosphere for 30 min to a temperature of 200 °C. After 15 min of
heating the initial solid was converted into an oil. The 11B NMR
spectrum indicated the presence of [HB(µ-hpp)]2 (1A) and in small
amounts 1D and 1E.

Uncatalysed Dehydrogenation of 2 at 80 and 110 °C: A solution of
H3B·N(H)C(NMe2)2 (0.15 g, 1.16 mmol) in toluene (12 mL) was
stirred for 20 h at 80 °C. The 11B NMR spectrum recorded after-
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wards showed the presence of unreacted H3B·N(H)C(NMe2)2. In
addition, a new weak quartet signal appeared belonging to species
2A [δ(11B) = –12.6 ppm, q, J(B,H) = 98 Hz].

Catalysed Dehydrogenation of 1 at 80 °C in the Presence of [Rh(1,5-
cod)Cl]2: H3B·hppH (0.13 g, 0.80 mmol) was dissolved in toluene
(10 mL) and [Rh(1,5-cod)Cl]2 (0.0079 g, 0.016 mmol, ca. 2 mol-%
Rh) was added. After stirring the reaction mixture for 23 h at
80 °C, the solution was filtered. The NMR spectra showed the pres-
ence of the two species [H2B(µ-hpp)]2 (1C) and 1F. Data for 1F: 1H
NMR (400 MHz, C6D6): δ = 2.95 (t, 3J = 5.8 Hz, 2 H, H�2), 2.42
(t, 3J = 5.8 Hz, 2 H, H�4), 1.36 (quint, 3J = 5.8 Hz, 2 H, H�3) ppm.
13C NMR (100.6 MHz, C6D6): δ = 47.2 (C�4), 41.0 (C�2), 23.0
(C�3) ppm.

Catalysed Dehydrogenation of 2 at 80 °C in the Presence of [Rh(1,5-
cod)Cl]2: H3B·N(H)C(NMe2)2 (0.075 g, 0.58 mmol) was dissolved
in toluene (10 mL). [Rh(1,5-cod)Cl]2 (0.0057 g, ca. 2 mol-% Rh)
was added as a solid, and the reaction mixture was stirred for 20 h
at 80 °C. The solution was filtered, and the pale-yellow solution
was concentrated and stored for several weeks at –20 °C. The 11B
NMR spectrum provided evidence for the presence of different
products 2B [δ = –4.4 ppm, t, J(B,H) = 106 Hz] and 2C [δ =
–1.9 ppm, t, J(B,H) = 100 Hz]. In addition, weak and broader fea-
tures showed at δ = 26.9 and 28.2 ppm.

Dehydrogenation of 2 at 80 °C in Sealed NMR Tubes in the Presence
of Cp2TiCl2/nBuLi: Reaction of [Cp2TiCl2] (0.0017 g) in [D8]tolu-
ene (0.4 mL) with nBuLi (0.009 mL, 1.6 ) in hexane at –10 °C in
an NMR tube resulted in the formation of a red-brown solution in
3 min. After being warmed to room temperature, 2 (0.04 g,
0.31 mmol) in [D8]toluene (0.6 mL) was added, and the reaction
mixture was stirred for 3 min in an ultrasonic bath, which resulted
in a change of colour from red-brown to grey. After flame sealing
the NMR tube, the reaction was heated for ca. 6 d at 80 °C. The
reaction was monitored by NMR spectroscopy by providing evi-
dence for the formation of 2B and 2C as well as two further prod-
ucts with 11B signals at δ = 26.9 and 28.2 ppm.

X-ray Crystal Structure Structure Determination: Crystal data and
details of the structure determination are listed in Table 5. Intensity
data were collected at 100(2) K with a Bruker AXS Smart 1000
CCD diffractometer (Mo-Kα radiation, graphite monochromator,
λ = 0.71073 Å). Data were corrected for Lorentz, polarisation and
absorption effects (semiempirical, SADABS).[25] All of several crys-
tals examined appeared to belong to the orthorhombic crystal sys-
tem, apparent space group Pbca. Close inspection of the data at
high Bragg angles, however, revealed the presence of pseudo-
merohedral twinning, with two monoclinic individuals related by a
twofold twin axis along their common cell vector b [refined frac-
tional contributions of the two twin domains 0.508(4), 0.492(4)].
After assignment of the correct space group P21/c the structure
could be solved by direct methods with dual-space recycling
(“Shake-and-Bake”)[26] and was refined by full-matrix least-squares
methods based on F2 against all reflections.[27] All non-hydrogen
atoms were given anisotropic displacement parameters. The hydro-
gen atoms of the methylene groups were input at calculated posi-
tions and refined with a riding model. The hydrogen atoms on bo-
ron were taken from difference Fourier syntheses and refined with
separate similarity restraints for the two types of B–H bonds.
CCDC-690038 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Table 5. Crystal data and refinement details of [H2B(µ-hpp)]2 (com-
pound 1C).

Formula C14H28B2N6

Mr [gmol–1] 302.04
Crystal size [mm] 0.25�0.13�0.10
Crystal system monoclinic
Space group P21/c
a [Å] 8.0912(4)
b [Å] 12.6485(7)
c [Å] 15.5315(8)
β [°] 90.1630(10)
V [Å3] 1589.51(14)
ρcalcd. [g cm–3] 1.262
Z 4
F(000) 656
Range hkl (indep. set) –11 to 11, 0 to 18, 0 to 22
θ range [°] 1.3–31.5
µ [mm–1] 0.078
Tmax/Tmin 0.8623/0.7974
Measured reflections 39130 [0.0398]
Unique reflections [Rint] 5255
Observed reflections [I�2σ(I)] 4092
Refined parameters/restraints 216/2
Goodness-of-fit 1.08
R(F) [Fo � 4σ(Fo)] 0.0559
wR(F2) (all data) 0.1451
Residual electron density [eÅ–3] 0.388/–0.285

Calculation Details: All calculations were carried out with the
Gaussian 03 program package.[28] For the mechanistic calculations
on 3 we used the B3LYP density functional. We chose for all guan-
idine atoms a 6-31++G**, for Ti a LANL2DZ and for the atoms
of the Cp rings a 6-31G* basis set. This level has proved its effi-
ciency on a similar system[9] and allowed us to obtain results in a
reasonable time. It was particularly useful in the research of the
transitions states. All the thermodynamic properties calculations
are carried on at standard conditions. The solvation effects on elec-
tronic energies were estimated on all structures optimised in gas
phase by using the CPCM model.[29] The ∆solvG° values are based
on the gas-phase values to which we added the contribution of
the solvation effect on the electronic energies. The energy-minimum
structures and the δ(11B) chemical shifts of all other compounds
discussed in this work (see structures and chemical shifts in the
Supporting Information) were calculated at the DFT-GIAO//
B3LYP/6-311+G* level. All calculated δ(11B) chemical shifts were
(like the experimental ones) referenced to F3B·OEt2.

Supporting Information (see footnote on the first page of this arti-
cle): 1H NMR (400 MHz, C6D6) spectrum of 1 and 2; 1H–15N
correlated NMR spectrum of 2; structural parameters for the tran-
sition states and minima of the 1,2- and 1,4-dehydrogenation of
3; calculated structures and 11B NMR chemical shifts of possible
dehydrogenation products of 1 and 2; coordinates calculated for
the thermal and catalytic dehydrogenation of 3.
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