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Herein we report on the synthesis and characterization of the
adduct 1,1,3,3-tetramethylguanidine–borane, H3B·N(H)C-
(NMe2)2, and a general inspection of the bonding properties
of guanidine adducts to BH3. The new compound was char-
acterized by its vibrational, NMR and mass spectra as well
as single-crystal X-ray diffraction. Quantum chemical calcu-
lations match the experimental results. Particular attention
was devoted to the evaluation of the dimeric assembly
through H···H contacts of the molecules in the crystalline
phase. The adduct is formed at 80 °C, but it also decomposes

Introduction

Although amine adducts of BH3 have been known for a
long time, the interest in this class of compounds is renewed
due to their potential applications in the fields of (1) hydro-
gen storage[1] and (2) dehydrocoupling and stoichiometric
hydrogenation of olefins in the presence of a catalyst
(homogeneous or heterogeneous catalysis).[2,3] Guanidines
are generally stronger bases than amines,[4] and therefore
their BH3 adducts should exhibit increased stability. Never-
theless, surprisingly little is known about these species. All
attempts by us and others to synthesize the parent com-
pound H3B·N(H)C(NMe2)2 (1; Figure 1) have so far failed.
Recently, we reported on the synthesis and structural char-
acterization of the H3B·hppH adduct (2; Figure 1), where
hppH = 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimid-
ine.[5] The experimental and quantum chemical analysis in-
dicates the presence of significant intramolecular H···H
bonding in 2. Thus, two negatively polarized H atoms at-
tached to the B atom interact with the positively polarized
H atom attached to the N atom. Normally, borane–NH3

adducts, or those of primary and secondary amines, interact
through intermolecular H···H bonds in the crystalline phase.
In ammonia–borane, H3B·NH3 (4), intermolecular H···H
contacts with shortest distances of 202 pm were measured
by neutron diffraction techniques,[6] and these values are
significantly shorter than the van der Waals distance of
240 pm. H3B·hppH eliminates dihydrogen gas at 110 °C to

[a] Anorganisch-Chemisches Institut, Ruprecht-Karls-Universität
Heidelberg,
Im Neuenheimer Feld 270, 69120 Heidelberg, Germany
E-mail: hans-jorg.himmel@aci.uni-heidelberg.de

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2008, 322–329322

slowly at this temperature. The bonding properties in amine–
and guanidine–borane adducts are compared in general on
the basis of quantum chemical calculations carried out for
several representative amine–borane adducts, namely
H3B·NH3, H3B·NMe3 and H3B·quinuclidine, and guanidine–
borane adducts, namely H3B·N(H)C(NH2)2, H3B·N(H)C-
(NMe2)2 and H3B·hppH, as well as the available experimen-
tal data for these species.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

give the dinuclear BII hydride [HB(hpp)]2 featuring a direct
B–B bond, which thus represents a new diborane(4) species
(Scheme 1).[5]

Figure 1. Lewis formula of compounds 1–6.

Herein, we report on the synthesis and structural charac-
terization of the new adduct H3B·N(H)C(NMe2)2 (3),
which is only the second structurally characterized adduct
of a guanidine derivative to BH3. The Ga analogue
H3Ga·N(H)C(NMe2)2

[7] has already been synthesized pre-
viously and shown to feature an extremely short Ga–N dis-
tance for nitrogen base adducts to GaH3 [198.81(19) pm
was measured in the crystalline phase] and a dimeric as-
sembly through intermolecular N–H···H–Ga contacts in the
crystalline phase. First quantum chemical calculations with
the use of the DFT method (BP86) and the SVP basis set
returned a Ga–N bond length of 209.2 pm for an isolated
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Scheme 1.

molecule,[7] which is a value that is more than 10 pm larger
than that measured for the molecule in the crystalline
phase. It is not the failure of the quantum chemical calcula-
tions that causes the seeming discrepancy between experi-
ment and theory. Thus, large deviations were also reported
between the B–N distances for amine adducts like
H3B·NH3 as measured by using X-ray diffraction in the
crystalline phase and by using electron diffraction or rota-
tional spectroscopy of the molecules in the gas phase.[8] For
example, a distance of 156.4(6) pm was determined for
H3B·NH3 in the crystalline phase.[9] Rotational spec-
troscopy of gas-phase H3B·NH3, however, returned a B–N
distance of 165.8 pm.[10] The calculated and experimentally
obtained gas-phase values are in good agreement, and
therefore, the calculations should in general be compared
with gas-phase data. However, the vapour pressure of the
compounds is often not high enough to allow gas-phase
analysis (which is also not often straightforward).

Despite of the short Ga–N bond length, H3Ga·N(H)C-
(NMe2)2 turned out to be thermally labile, and it decom-
poses at temperatures exceeding 330–350 °C.[7] A species
with a central Ga4N4 unit was the only structurally charac-
terized product of this decomposition, but unfortunately
decomposition seems to occur through several channels.[7]

The boron analogue will also be shown herein to be ther-
mally labile, although the decomposition temperature is sig-
nificantly higher. The accumulated experimental as well as
quantum chemical data allow a detailed comparison of the
bonding properties in amine– and guanidine–borane ad-
ducts. The calculated fragmentation and dissociation ener-
gies will be the centre of discussion (vide infra).

Results and Discussion

We start with the discussion of the synthetic routes lead-
ing to the borane adduct H3B·N(H)C(NMe2)2 (3) and the
characterization of this molecule with the aid of several
spectroscopic techniques and X-ray diffraction measure-
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ments. It follows a summary of the quantum chemical cal-
culations performed for 3. Finally, the B–N bonds in
amine– and guanidine–BH3 adducts are compared in detail.
To this end, the B–N fragmentation and dissociation ener-
gies were calculated for several representatives to obtain in-
formation about the B–N bond strength.

Synthesis

For the synthesis of base adducts to the EH3 hydrides
(E = B or Ga), two routes have frequently been applied
(Scheme 2). The first includes reaction of the HCl adduct of
the guanidine base (L) with LiEH4. The second represents a
base exchange reaction, in which a base L� such as NMe3

is replaced by the stronger guanidine base L. Attack of the
N=C bond is normally not an issue in this reaction. We
used the second route to prepare 1,1,3,3-tetramethylguani-
dine–borane (3) in good yield. A solution of H3B·NMe3 in
toluene was added to a solution of 1,1,3,3-tetramethylgua-
nidine, also in toluene. The reaction mixture was stirred for
18 h at 80 °C. The resulting solution was concentrated and
subsequently stored at –20 °C to afford colourless crystals
of 3.

Scheme 2.

Spectroscopic Properties

IR Spectrum

Table 1 includes the wavenumbers of the strongest bands
observed in the IR spectrum of solid 3 in CsI, and Figure 2
visualizes the spectrum in the region 4000–1000 cm–1. A
sharp band appears at 3337 cm–1 and can be assigned to
the N–H stretch. For comparison, in the Ga homologue the
stretching mode ν(N–H) was observed at 3317 cm–1.[7] As
discussed below, the molecules are assembled in dimeric
units kept together through B–H···H–N contacts in the so-
lid phase and maybe also in solution. These contacts
weaken the N–H bond in addition to the effect of electron
donation from the nitrogen base and therefore decrease the
wavenumber of the stretching mode ν(N–H). A broader
band with maxima at 2361 and 2291 cm–1 can be assigned
to B–H stretches of 3. The wavenumbers of the B–H
stretching modes provide useful information about the
amount of electron density donated from the base onto the
BH3 fragment. The increased electron density on the BH3

group with respect to uncoordinated BH3 leads to a de-
crease in the ν(B–H) frequencies. The stretches ν(BH3) of
free BH3 that belong to the irreducible representation e�
were reported to occur at 2601.57 cm–1 in the gas phase[11]

and 2587.3 cm–1 in an Ar matrix.[12] In the case of
H3B·NMe3, the spectrum of the compound in solution
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Table 1. Comparison between some experimentally observed and calculated IR properties of 3.

Experimental Calculated H3B·N(H)C(NMe2)2 Calculated [H3B·N(H)C(NMe2)2]2 Approximate description
[cm–1] [cm–1] [cm–1] of molecular motion

3337 3582.9 3478.3/3474.0 ν(N–H)
2949 3175.8–2981.7 3171.4–3006.7 ν(C–H)
2365, 2291, 2259, 2239 2428.8–2381.6 2436.9–2341.8 ν(B–H)
1593 1647.8 1650.6/1641.3 ν(C=N)

1586.2 1598.0/1593.3 δip(N–H)
1453, 1433 1540.8–1453.3 1540.8–1456.5 δ(CH3)
1159, 1072, 1042 1190.0–1176.1 1200.8–1193.0 δ(BH3)
806 718.4 823.4–808.2 δoop(N–H)

showed bands at 2372 and 2270 cm–1 due to antisymmetric
and symmetric ν(B–H) stretches,[13] respectively, and the
corresponding bands in the spectrum of the molecule in
solid Ar appeared at 2393/2275 [ν(10B–H)], 2367/2270 cm–1

[ν(11B–H)].[14]

Figure 2. (i) Measured IR spectrum of solid 3 in CsI; (ii) calculated
IR spectrum for individual molecules of 3; (iii) calculated IR spec-
trum for dimeric assemblies of molecules of 3 interacting through
N–H···H–B contacts. For the visualization of the calculated spec-
tra, Lorenzian-type curves of 10 cm–1 half-width were used.

NMR Spectra (C6D6)

The resonance at δH = 4.61 ppm in the 1H NMR spec-
trum of 3 belongs to the NH proton. It is shifted consider-
ably with respect to the value in free guanidine, where
δH(NH) = 5.27 ppm. In the case of H3B·hppH,[5]

H3Ga·N(H)C(NMe2)2,[7] Me3Al·N(H)C(NMe2)2
[15] and

Et3Al·N(H)C(NMe2)2,[15] values of 3.34, 4.10, 4.40 and
5.20, respectively, were reported. A broad quartet centred
at δH = 2.86 ppm (1J = 95 Hz) can be assigned to the BH3

protons. For comparison, in H3B·NMe3, the BH3 protons
appear at δH = 2.40 ppm (1J = 98 Hz). For H3B·hppH, a
broad quartet at δH = 2.80 ppm (1J = 93 Hz) was ob-
served.[5] The protons of the four CH3 groups in 3 show at
δH = 2.51 and 1.72 ppm, and these positions are close to
the values of 2.50 and 1.91 ppm reported for H3Ga·N(H)C-
(NMe2)2,[7] but they are shifted to larger values with respect
to the free base, for which one obtains δH(CH3) = 2.64 ppm.
In the 11B NMR spectrum, a quartet was detected at δB =
–19.50 ppm (q, 1J = 95 Hz). For comparison, the 11B NMR
quartet signal of H3B·hppH appears at δB = –19.15 ppm (q,
1J = 93 Hz),[5] and in H3B·NMe3, the 11B NMR spectrum
gives evidence for a quartet at δB = –7.27 (q, 1J = 98 Hz).
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Mass Spectrum

The spectrum shows strong peaks at m/z = 128.2
[C5H15BN3]+ and 126.2 [C5H13BN3]+, which can be as-
signed to ions formed with loss of one and three H atoms
from the parent molecule, respectively. A small peak at m/z
= 115.2 [C5H13N3]+ belongs to the free guanidine ligand.
Elimination of CH4 from [C5H15BN3]+ is responsible for
the peak at m/z = 110.2. Loss of two methyl groups from
the free guanidine base and of the NMe2 group leads to
signals at m/z = 85.2 and 71.2, respectively.

Crystal Structure

The structure of one molecule of 3 as derived from X-ray
diffraction measurements is illustrated in Figure 3. Salient
experimentally determined bond lengths and angles are in-
cluded in Table 2. Like the Ga homologue,[7] 3 features a
guanidine unit with a planar CN3 core (the N–C–N angles
sum to 360°). The B–N bond length measures 157.3(2) pm,
and it is thus almost identical to that measured in crystal-
line H3B·hppH [157.5(2) pm][5] and significantly shorter
than that found in crystalline H3B·NMe3 [161.6(3) pm].[16]

With 131.5 pm, the N=C bond is significantly shorter than
the N–C bonds (134.6 and 135.8 pm) in the molecule. As

Figure 3. Structure of a H3B·N(H)C(NMe2)2 molecule in the crys-
talline phase as determined by X-ray diffraction.
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Figure 4. Dimeric assembly of 3 through N–H···H–B interactions in the crystalline phase.

already mentioned, the molecules are assembled in dimeric
units in the crystalline phase, which are connected through
B–H···H–N interactions (Figure 4). These H···H separa-
tions amount to 202 pm and are thus well within the range
of 200–240 pm normally prescribed for unconventional hy-
drogen bonding of this sort.[17] By using normalized B/N–
H distances, we obtained an even shorter B–H···H–N dis-
tance of 195 pm and B–H···H and H···H–N angles of 199.1°
and 153.6°, respectively. For comparison, in [H2GaNH2]3[18]

and [H3AlN(H)Me2]2[19] intermolecular H···H contacts of
197(2) and 192.5(1.9) pm, respectively, were measured.

Table 2. Selected intra–and intermolecular distances and angles for
3 in the crystal phase as determined by X-ray diffraction.[a]

Bond lengths [pm]

B–N1 157.28(16) C1–N3 135.82(13)
B–H1 110.2(15) N2–C2 145.34(14)
B–H2 112.4(17) N2–C3 144.90(15)
B–H3 112.3(14) N3–C4 145.33(14)
N1–C1 131.54(13) N3–C5 146.01(14)
N1–H4 92.6(16)
C1–N2 134.57(13) B–H···H–N[b] 202

Bond angles [°]

N1–B–H1 109.7(7) C1–N2–C2 121.91(10)
N1–B–H2 110.6(8) C1–N2–C3 122.74(9)
N1–B–H3 105.3(7) C2–N2–C3 115.35(10)
B–N1–C1 129.62(9) C1–N3–C4 121.02(9)
B–N1–H4 117.0(9) C1–N3–C5 121.74(9)
C1–N1–H4 112.5(9) C4–N3–C5 114.59(9)
N1–C1–N2 121.30(9)
N1–C1–N3 121.21(9) B–H···H[b] 126.3
N2–C1–N3 117.48(9) H···H–N[b] 154.7

[a] See Figures 3 and 4 for atom labelling. [b] Shortest intermo-
lecular contacts.

Thermal Decomposition

Compound 3 was synthesized at 80 °C, but it also de-
composes at this temperature (relatively fast in the solid
state and very slowly in solution). Several experiments were
carried out to analyze the decomposition pathway, but it
should be admitted that we were not able to identify any
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decomposition products. Nevertheless, NMR spectroscopic
studies gave useful first information. A sample of the solid
product was heated for not more than 2 h to 80 °C. After-
wards, the NMR spectra were measured. The 11B NMR (in
C6D6) still showed a large quartet signal at δ = –19.58 ppm
due to 3, but quartet and triplet signals now appeared in
addition at δ = –12.75/–11.81 and –3.65, respectively. In the
1H NMR spectrum, new equally intense signals were ob-
served at δ = 1.99 (s, CH3) and 2.26 ppm (s, CH3), which
belong to the same molecule. Furthermore, a signal was
detected at δ = 2.58 (s, CH3) ppm. The decomposition prod-
ucts also gave rise to new signals at δ = 38.39, 51.21, 77.67
and 164.11 ppm in the 13C NMR spectrum. Mass spectra
were recorded of the gas-phase over a solid sample while
increasing steadily the temperature from 25 °C to 500 °C at
a pressure of 10–6 Torr. These spectra showed that (in
vacuo) 3 partially sublimes without decomposition below
70 °C. However, a substantial fraction of the product de-
composes during this process and remains as a solid. Fur-
ther gas-phase species only occurred at temperatures be-
tween 410–500 °C. In the mass spectra recorded in this tem-
perature range, the strongest signal was detected at m/z =
207.0 (indicating the presence of dinuclear species in the gas
phase), but signals at higher values, m/z = 281, 355, 429,
503, were also found. One possible first decomposition
product is the dinuclear species {H2B[HNC(NMe2)-
(NMe)]}2, which is obtained from 3 upon CH4 elimination
and dimerization (Scheme 3). Quantum chemical calcula-
tions (vide infra) showed that such a reaction is highly exo-
thermic. The observed value at m/z =107 corresponds to

Scheme 3.
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that of this dimer after removal of one methyl group and
all four H atoms attached to the B atoms.

Quantum Chemical Calculations

Some parameters as calculated for 3 and its gallium hom-
ologue are compared with those determined by X-ray dif-
fraction (XRD) in Tables 3 and 4 As expected, the calcu-
lated B–N distance is larger than the crystallographically
derived one, although the difference is smaller than in the
case of the Ga homologue (Table 4). Thus, the difference
between the calculated and experimental (XRD) E–N dis-
tance (E = B or Ga) amounts to 2.7 pm for 3 but to 7.2 pm
for H3Ga·N(H)C(NMe2)2. To test the accuracy of our cal-
culations, we also compared the B–N distances calculated
with B3LYP/6–311+G* with those measured for several
other related compounds (Table 5). As anticipated, the
agreement between the calculated distances and those mea-
sured for the gas-phase molecules is very pleasing, whereas
the values measured by XRD come out too short. The
largest discrepancy occurs for H3B·NH3.

Table 3. Bond lengths (in pm) and bond angles (in °) as measured
and calculated (B3LYP/6-311+G*) for 3.

Experimental Calculated Calculated
H3B·N(H)C(NMe2)2 [H3B·N(H)C(NMe2)2]2

B–H1 110.2 121.4 121.2
B–H2 112.4 121.7 122.1
B–H3 112.3 121.9 122.5
B–N1 157.3 160.0 159.0
N1–H 92.6 101.1 101.7
N1=C 131.5 130.9 130.9
N2–C 134.6 136.4 136.8
N3–C 135.8 138.3 137.6
N1–C–N2 121.3 121.9 121.9
N1–C–N3 121.2 121.4 121.5
N2–C–N3 117.5 116.7 116.7
B–N1–C 129.6 130.7 130.0
H···H 202 189.1

Table 4. Bond lengths (in pm) and bond angles (in °) as measured
and calculated (B3LYP/6–311+G*) for H3Ga·N(H)C(NMe2)2.

Experimental Calculated

Ga–H 149(4)/157(4)/161(4) 158.8/158.9/160.0
Ga–N1 198.8(2) 206.0
N1–H 78(3) 101.6
N1=C 131.6(3) 130.7
N2–C 134.7(3) 136.6
N3–C 136.0(3) 137.0
N1–C–N2 120.2(2) 120.9
N1–C–N3 122.2(2) 122.6
N2–C–N3 117.6(2) 116.5
Ga–N1–C 130.6(2) 130.2
H···H 197.9/197.5

Calculations were then carried out for a dimeric as-
sembly of two molecules of 3 in which the molecules are
allowed to interact though hydrogen–hydrogen contacts
(Scheme 4). According to our B3LYP/6-311+G* calcula-
tions, the energy gain for formation of this dimeric as-
sembly amounts to 43 kJmol–1, which implies that each of
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Table 5. B–N distances (in pm) as measured (solid and gas phases)
and calculated (B3LYP/6–311+G*) for some guanidine
[HNC(NH2)2, HNC(NMe2)2, hppH] and amine (NH3, NMe3, qui-
nuclidine) adducts to BH3.

Experimental Calculated
Solid phase Gas phase

H3B·N(H)C(NH2)2 (1) – – 159.9
H3B·hppH (2 157.5(2)[5] – 160.2
H3B·N(H)C(NMe2)2 (3) 157.28(16) – 160.7

H3B·NH3 (4) 156.4(6)[9] 165.76(16)[25] 166.1
H3B·NMe3 (5) 161.6[16] 163.7[26] 165.7

165.6(2)[27]

H3B·quinuclidine (6) 160.8(5)[24] 162.3(9)[24] 164.2

the N–H···H–B interactions is ca. 21 kJmol–1 strong. This
compares with a calculated (head-to-tail) dimerization en-
ergy of –60 kJmol–1 (B3LYP/cc-pVDZ) or –63 kJmol–1

(MP2/cc-pVDZ) for H3B·NH3.[20] However, in the head-to-
tail dimer [H3B·NH3]2, one N–H hydrogen atom interacts
with two B–H hydrogen atoms, so that the bonding situa-
tion is slightly different. The zero-point corrected energy
change for the reaction set out in Scheme 4 is –39 kJmol–1,
and ∆G0 = –5 kJmol–1. As expected, the N1–H and B–H3
bond lengths are slightly elongated in the dimeric assembly
with respect to a single molecule of 3 as a result of the
H···H interactions.

Scheme 4.

The vibrational properties are extremely sensitive to
changes in the electronic properties. Of course, the presence
of heavy mode coupling for the majority of modes makes
any direct conclusion difficult. Nevertheless, a brief inspec-
tion discloses some important details (vide infra). Figure 2
compares the experimentally obtained spectrum of solid 3
in CsI with those calculated for (ii) individual molecules of
3 and (iii) dimeric assemblies of 3. It can be directly seen
that the spectrum calculated for the dimeric assembly fits
better to the experimentally obtained one. Table 1 contains
the calculated wavenumbers of some vibrational modes for
which a straightforward description of molecular motion is
possible. As anticipated, the wavenumber of the ν(N–H)
mode calculated for the dimeric assembly is much lower
than that calculated for individual molecules. From Fig-
ure 2 it can be seen that the relative intensity of the N–H
stretching mode is calculated to be much higher in the di-
meric assembly. Both the calculated wavenumber and rela-
tive intensity for the dimeric assembly are in better agree-
ment with the experimental spectrum. In the same vein, the
shapes of the bands and their wavenumbers in the region
of the ν(B–H) modes fit better for the dimeric assembly
than for individual molecules. This means that the IR spec-
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tra are fully consistent with a dimeric assembly of 3 in the
solid state.

Calculations were also carried out to shed light on the
first step of the decomposition route of 3. To this end, the
thermodynamic properties of the reaction set out in
Scheme 3 were calculated. Values of –307, –311 and
–327 kJmol–1 resulted for the energy change without and
with ZPE corrections, respectively, and for ∆G0. This is as
expected, on the basis of the differences between the N–H
and N–C bond dissociation energies, much higher than the
H2 elimination and dimerization of H3B·N(H)C(NMe2)2,
for which we obtained ∆E, ∆EZPE and ∆G0 values of –89,
–128 and –125 kJmol–1, respectively (also using B3LYP/6-
311+G*). For comparison, the corresponding reactions of
H3B·N(H)C(NH2)2

[21] and the amidine complex H3B·N(H)
C(H)(NH2),[22] in which H2 is released in place of CH4, are
associated with energy changes of –76 and –84 kJmol–1,
respectively, according to previously calculated BP86/
TZVPP estimates.

Analysis of the Bonding Properties in Amine– and
Guanidine–BH3 Adducts

In this section we compare the B–N bond strength in
amine– and guanidine–BH3 adducts. For such a compari-
son and from the numerous characterized amine–borane
adducts, we chose three representatives, H3B·NH3 (4),
H3B·NMe3 (5) and H3B·quinuclidine (6), because (1) exten-
sive structural data is available for these compounds not
only in the crystalline phase, but also in the gas phase and
(2) the strength of the base increases steadily in the order
NH3 �NMe3 �quinuclidine (quinuclidine is already a
strong amine base[23]). These amine–borane adducts will be
compared with the three guanidine adducts H3B·N(H)C-
(NH2)2 (1), H3B·N(H)C(NMe2)2 (3) and H3B·hppH (2). In
the case of parent compound 1, the comparison must exclu-
sively rely on quantum chemical data. All attempts to pre-
pare this species failed and only an unknown noncrystalline
white precipitate was recovered. For 3 (see above) and
H3B·hppH (2),[5] X-ray diffraction measurements are avail-
able. Unfortunately, gas-phase measurements are likely to
be hampered by the tendency of these compounds to elim-
inate either CH4 (see above) or H2

[5] and dimerize at ele-
vated temperature. The first observation is that the experi-
mentally determined B–N distances in the crystalline phase

Table 6. Fragmentation and dissociation (both in kJmol–1) without (∆Efrag and ∆Ediss) and with BSSE corrections (∆EBSSE
frag and

∆EBSSE
diss) as well as relaxation energy ∆EBSSE

relax(BH3) and ∆EBSSE
relax(base) (summing up to the total relaxation energy ∆EBSSE

relax)
as calculated for some guanidine [HNC(NH2)2, HNC(NMe2)2, hppH] and amine (NH3, NMe3, quinuclidine) adducts to BH3.

Compound ∆Efrag ∆Ediss ∆EBSSE
frag ∆EBSSE

diss ∆EBSSE
relax ∆EBSSE

relax

(BH3) (base)

1 233.47 151.66 238.65 156.84 –73.78 –8.03
2 254.93 165.62 258.24 168.93 –81.36 –7.95
3 226.90 137.73 231.92 142.75 –72.83 –16.34

4 183.96 129.49 195.33 140.86 –54.45 –0.02
5 204.18 138.55 208.9 143.45 –59.11 –6.52
6 216.87 150.57 221.57 155.27 –61.73 –4.57

Eur. J. Inorg. Chem. 2008, 322–329 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 327

do not show any clear trend (Table 5). The distances in-
crease in the order (in pm) 4 (156.5)[9] �3 (157.3)�2
(157.5)[5] �6 (160.9)[24] �5 (161.6).[16] If H3B·NH3 is treated
as an exception, it could be concluded that the bond lengths
in guanidine adducts are slightly shorter than those in
amine adducts. This trend is supported by the calculated
values, which show an increase in the order (in pm) 1
(159.9)�2 (160.2)�3 (160.7)�6 (164.2)�5 (165.7)�4
(166.1). H3B·NH3 now features the largest distance, which
is in line with what is expected on the basis of the basicity
order.[4,23] Because of the generally pleasing agreement be-
tween calculated and gas-phase values [165.76(16) pm for
4,[25] 163.7(4)[26] or 165.6(2) pm[27] for 5 and 162.3(9) pm for
6],[24] guanidine adducts (in the gas phase) indeed generally
exhibit shorter distances than amine adducts.

Next, the B–N dissociation energies as calculated with
B3LYP/6–311+G* were inspected (Table 6). The values
were corrected for basis set superposition errors (BSSE),
which are in the range 3–12 kJmol–1. As expected from the
basicities, the dissociation energies for the three amine ad-
ducts follow the order (in kJmol–1) 4 (129)�5 (139)�6
(151). In the case of the guanidine adducts, the order (in
kJmol–1) comes out to be 3 (138)�1 (152)�2 (166). In the
case of 2, the B–H···H–N contacts contribute to the bond-
ing between the two fragments. It might be at first glance
surprising that the dissociation energy of 3 is smaller than
that of 6 and similar to that of 5, although the B–N bond
length in 3 is shorter in the crystalline phase and also ac-
cording to the quantum chemical calculations. More im-
portantly, the values do not reflect the basicity order.

To obtain a better estimate of the intrinsic B–N bond
energies, the B–N fragmentation energies have to be consid-
ered (Table 6). The fragmentation energy differs from the
dissociation energy in that relaxation of the fragments after
bond cleavage is not included. Therefore, it is a better mea-
sure of the actual bond strength than the dissociation en-
ergy.[28] From Table 6 it can be seen that the relaxation en-
ergy, ∆EBSSE

relax, is the difference between the fragmenta-
tion and dissociation energies, and it contributes consider-
ably to the dissociation energy. The relaxation energies of
guanidine adducts come out to be larger than those of
amine adducts. For example, the relaxation energies of
H3B·hppH (2) and H3B·quinuclidine (6), amount to 89 and
66 kJmol–1, respectively. These large values cannot result
from relaxation of the base (guanidine or amine) fragments,
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as the rigid skeleton of the base only allows a small amount
of distortion. The largest contribution, therefore, must arise
from relaxation of the BH3 fragment. From Table 6 it can
be seen that indeed for all adducts BH3 relaxation into its
planar D3h symmetric energy minimum is the dominating
contribution. The stronger the base, the more the H–B–H
bond angles approach the tetrahedral angle of 109.4°.
Hence, the average H–B–H bond angles are smaller in the
guanidine adducts (111.5, 110.8 and 111.6° for 1, 2 and 3,
respectively, compared with 113.6, 113.1 and 112.8° for 4, 5
and 6, respectively) and consequently the relaxation energy
larger. The average H–B–H angle indeed appears to be a
more reliable indicator of the B–N bond strength than the
B–N bond length. However, the differences between the H–
B–H angles are small.

Conclusions

A base exchange reaction between H3B·NMe3 and
1,1,3,3-tetramethylguanidine, HNC(NMe2)2, affords the
guanidine–borane adduct H3B·N(H)C(NMe2)2. In the crys-
talline phase, a dimeric assembly is observed in which the
molecules are linked through two B–H···H–N contacts.
Quantum chemical calculations (B3LYP/6–311+G*) predict
an energy of 43 kJmol–1 for these two contacts. The com-
pound starts to decompose at 80 °C by a process that is
relatively fast for the solid material and slow in (toluene)
solution. The strength of the B–N bond in guanidine–bo-
rane adducts is accessed and compared to that of amine–
borane adducts on the basis of quantum chemical calcula-
tions carried out for the compounds H3B·N(H)C(NH2)2,
H3B·N(H)C(NMe2)2, H3B·hppH, H3B·NH3, H3B·NMe3

and H3B·quinuclidine, as well as experimental data (X-ray
diffraction of the crystalline adducts and gas-phase mea-
surements). Because relaxation of the BH3 and base frag-
ments is associated with a large energy gain, an adequate
comparison has to include not only the dissociation, but
also the fragmentation energies. As anticipated from the ba-
sicity order, the fragmentation energies are higher for guani-
dine than for amine adducts of BH3. The B–N bond lengths
turned out to be an unreliable criterion to judge the B–N
bond strength. In addition to the large differences between
the B–N bond lengths as determined from X-ray diffraction
of the molecules in the solid state and gas phase or quan-
tum chemical calculations, there is no direct correlation be-
tween the trends in the bond lengths and the fragmentation
energies. The H–B–H angles correlate better with the frag-
mentation energies, although the differences in the angles
between the adducts are small.

Experimental Section
General: All reactions were carried out under a dry nitrogen atmo-
sphere by using standard Schlenk techniques. Toluene and other
solvents were dried by standard methods and distilled before use.
H3B·NMe3 and HNC(NMe2)2 were purchased from Aldrich and
used as delivered.
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H3B·N(H)C(NMe2)2 (1): A solution of H3B·NMe3 (0.42 g,
5.7 mmol) in toluene (30 mL) was slowly added by cannula to a
stirred solution of 1,1,3,3-tetramethylguanidine (644 mg, 5.6 mmol)
in toluene (20 mL). The reaction mixture was stirred for 18 h at
80 °C. The resulting solution was concentrated and stored at
–20 °C to give colourless crystals of H3B·N(H)C(NMe2)2. 1H NMR
(400 MHz, C6D6): δ = 4.61 (s, 1 H, NH), 2.86 (br. q, 1J = 95.0 Hz,
3 H, BH3), 2.51 (s, 6 H, Me2N), 1.72 (s, 6 H, Me2N) ppm. 13C
NMR (100.55 MHz, C6D6): δ = 37.83 (CH3), 39.63 (CH3) ppm.
11B NMR (128.30 MHz, C6D6): δ = –19.58 (q, 1J = 95.0 Hz, BH3)
ppm. MS (EI+): m/z (%) = 128.2 (78) [C5H15BN3]+, 126.2 (100)
[C5H13BN3]+, 115.2 (2) [C5H13N3]+, 110.2 (8) [C4H9BN3]+, 85.2
(24) [C3H7N3]+, 71.2 (31) [C3H7N2]+. Crystal data: C5H16BN3, mo-
noclinic, space group P21/n, a = 7.9154(10) Å, b = 9.2083(11) Å, c
= 11.6854(15) Å, b = 104.279(2) °, V = 825.41(18) Å3, Z = 4, m =
0.064 mm–1, F(000) = 288. Reflections measured: 19791, indepen-
dent: 2622 [Rint = 0.0565], index ranges –11�h� 11, 0�k �13,
0�λ�16, θ range 2.8 to 31°. Intensity data were collected at 100 K
with a Bruker AXS Smart 1000 CCD diffractometer (Mo-Kα radia-
tion, graphite monochromator, λ = 0.71073 Å). Data were cor-
rected for Lorentz, polarization and absorption effects (semiempir-
ical, [SADABS],[29] max. and min. transmission factors 0.7460 and
0.5521). The structure was solved by direct methods[30] and refined
by full-matrix least-squares methods based on F2 with all measured
unique reflections.[31] All non-hydrogen atoms were given aniso-
tropic displacement parameters. All hydrogen atoms were located
in difference Fourier syntheses and refined with individual isotropic
displacement parameters. Final R values [I�2σ(I)]: R1 = 0.0470,
wR2 = 0.1215, GooF = 1.062. CCDC-654679 contains the supple-
mentary 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.

Computational Details

All calculations were carried out with the aid of the Gaussian 98
guise of programs[32] by applying the hybrid DFT functional
B3LYP[33,34] in combination with the 6-311+G* basis set.
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