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(1,4-Diaza-1,3-diene)titanium and -niobium
Halides: Unusual Structures with Intramolecu-
lar CÿH ´´´ Halogen Hydrogen Bonds**
Thomas Spaniel, Helmar Görls, and Joachim Scholz*

In recent years the number of systematic investigations of
hydrogen bonds for the development of syntheses for supra-
molecules and of crystal engineering has risen dramatically.[1]

Hereby, the interest is switching more and more to those
hydrogen bonds which do not involve the conventionally
strong OÿH ´´´ O and NÿH ´´´ O bonds (energies 20 ±
40 kJ molÿ1). In many organic and organometallic compounds
C ± H units frequently function as H-bonding donors and form
weak hydrogen bonds (energies <20 kJ molÿ1) with suitable
H-bonding accpetors, mainly oxygen (CÿH ´´´ O) or nitrogen
(C-H ´´´ N).[2] However, it is still under debate whether
chlorine or other halogen atoms can also be H-bonding
acceptors. Whereas on the one hand the existence of
CÿH ´´´ Cl hydrogen bonds has been questioned,[3] a few
individual examples of such interactions have been known
since 1982.[2a] However, nearly all these compounds are
saltlike and contain Clÿ ions. To date there are hardly any
compounds known in which chlorine atoms are covalently
bound and nevertheless participate in CÿH ´´´ Cl hydrogen
bonds. Most of the CÿH ´´´ Cl interactions found so far are
concerned with intermolecular interactions,[4] which in addi-
tion have only been observed in the crystal.[2a, 5]

In studies on the chemistry of (1,4-diaza-1,3-diene) halide
complexes of the early transition metals we have established
that these CÿH ´´´ Cl hydrogen bonds with covalently bound
chlorine do indeed exist and that they can occur not only in
the solid state but also in solution.[6, 7] We report here on the
synthesis of bis(isopropyl)glyoxaldiimine- and bis(cyclohex-
yl)glyoxaldiiminetitanium and -niobium halides and show
that intramolecular CÿH ´´´ halogen hydrogen bonds can even
considerably influence the molecular geometry of these 1,4-
diaza-1,3-diene complexes.

The new bis(isopropyl)glyoxaldiimine- and bis(cyclohex-
yl)glyoxaldiiminetitanium- and -niobium halides can be
prepared in moderate to good yields by the reaction of the
dilithium (1,4-diaza-1,3-diene) compounds 1 a, b with the
respective metal halides in a molar ratio of 1:1 (Scheme 1).
The titanium chloride and the titanium bromide complexes
2 a, b and 3 a, b, respectively, precipitate as bright red
crystalline solids,[8] and the niobium compounds 4 a, b form
amber crystals. They are all air- and moisture-sensitive and are
well soluble in THF, less so in diethyl ether, and only sparingly
soluble in aliphatic solvents. The 1H NMR spectra of the new

Scheme 1. Synthesis of the (1,4-diaza-1,3-diene)titanium(iv) and -nio-
bium(v) halides 2a ± 4a (R� iPr) and 2b ± 4 b (R� cyclohexyl).

1,4-diaza-1,3-diene complexes contain few signals, which
indicate highly symmetrical molecules (Table 1). However,
these signals are difficult to assign. For instance, there is no
obvious explanation for the surprisingly strong lowfield shift
of the methine proton signals of the isopropyl and the
cyclohexyl groups of 2 a and 3 a and 2 b and 3 b (d� 6.99 ±
6.22), respectively.[9] The highfield shift of the signal for the
azomethine protons (d� 4.21 ± 3.75) is also remarkable. In
contrast, in the similar bis(tert-butyl)glyoxaldiiminetitanium
complexes 5 and 6 these signals occur in the olefinic region of
the spectra (d� 5.88 (5),[8] 5.78 (6)[10a]), where they are
expected on the basis of the enediamide structure of these
compounds.

X-ray crystal structure analyses of 2 b and 4 a were
necessary to establish the reasons for these unusual NMR
data.[11] The most prominent structural features of 2 b are
without doubt the short distances between the chlorine atoms
Cl1 and Cl2 and the hydrogen atoms H3 and H7, respectively,
of the cyclohexyl rings (each 2.59(4) �, Figure 1). They are
significantly shorter than the sum of the van der Waals radii of
chlorine and hydrogen (1.75 and 1.20 �, respectively)[12] and
evidently cause the strong deshielding of H3 and H7, which
leads to the unexpected lowfield shift of the 1H NMR signal.

These CÿH ´´´ Cl hydrogen bonds have significant conse-
quences for the structure of 2 b : The Ti ± N distances of
2.034(4) and 2.037(3) � are large compared to those in other
(1,4-diaza-1,3-diene)titanium complexes (Ti ± N 1.908(2),
1.910(2) � (5);[8] Ti ± N 1.908(2), 1.910(2) � (6)[10]) or in
titanium amide compounds (average Ti ± N distance
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1.939 �)[13] and even exceed the sum of the covalent radii
(Ti ± N 2.024 �).[14] Thus, a p-bonding contribution can be
ruled out for these bonds. It is even more surprising that the
two nitrogen atoms are nevertheless trigonal planar sur-
rounded and that the five-membered ring Ti(N1-C1=C2-N2),
in contrast to those in 5 and 6, is not folded (Ti, N1, N2, C1,
and C2 lie in the mirror plane). As in many enamines the sp2-
hybridization of the nitrogen atoms in 2 b evidently results
from an interaction of the N electron pairs with the pp orbitals
of the C1�C2 bond.[15] This charge distribution helps to
account for why the affected azomethine hydrogen atoms H1
and H2 are so strongly shielded and their 1H NMR signal is

Figure 1. Structure of 2b in the crystal (ellipsoids are drawn at 40%
probability level). Selected bond lengths [�] and angles [8]: Ti ± Cl1
2.399(1), Ti ± Cl2 2.386(1), Ti ± N1 2.034(4), Ti ± N2 2.037(3), Ti ± O1
2.102(2), Ti ± O1a 2.102(2), N1 ± C1 1.363(5), N2 ± C2 1.364(6), C1 ± C2
1.374(6), H3 ± Cl1 2.59(4), H7 ± Cl2 2.59(4); N1-Ti-N2 78.0(1), Cl1-Ti-Cl2
95.56(5), O1-Ti-O2 173.8(1), Ti-Cl1-H3 77(3), Ti-Cl2-H7 78(3), C3-H3-Cl1
137(3), C7-H7-Cl2 131(3); sum of angles at N1 and N2 3608 (mirror plane).

shifted to high field. A decrease in the charge density at the
titanium atom is associated with the extension of the Ti ± N
bonds, particularly since the Ti ± Cl bonds (2.398(2) and
2.387(2) �) are also relatively long because of the CÿH ´´´ Cl
bonds.[16] This charge deficit is compensated by two THF
ligands, and thus, in contrast to the
titanium atoms in 5 and 6, the titanium
atom in 2 b is six-coordinate.

The metal atom is also six-coordinate
in the niobium compounds 4 a and 4 b ;
however, only one THF molecule is
required to achieve the octahedral
geometry. From the structure of 4 a is clear that this THF
molecule, unlike that in the bis(tert-butyl)glyoxaldiimine-
niobium complex 7[10b] is coordinated in a trans position to a
chlorine atom at the niobium atom (Figure 2).[11b, 17] This

Figure 2. Structure of 4a in the crystal (ellipsoids are drawn at 40%
probability level. Selected bond lengths [�] and angles [8]: Nb ± Cl1
2.3794(8), Nb ± Cl2 2.3877(8), Nb ± Cl3 2.3955(8), Nb ± N1 2.048(2), Nb ± N2
2.057(2), Nb ± O 2.188(2), N1 ± C1 1.366(3), N2 ± C2 1.369(3), C1 ± C2
1.351(4), Cl3 ± H3 2.69(4), Cl1 ± H6 2.68(4); N1-Nb-N2 74.88(8), Cl1-Nb-
Cl2 90.90(3), Cl1-Nb-Cl3 101.64(3), Cl2-Nb-Cl3 91.52(3), O-Nb-Cl2
171.90(5), Nb-Cl1-H6 77(3), Nb-Cl3-H3 74(3), C3-H3-Cl3 125(3), C6-H6-
Cl1 126(3); sum of angles at N1 359.9(2), at N2 359.6(2)8 ; fold angle
(Nb,N1,N2)-(N1,C1,C2,N2) q� 6.3(2)8.

Table 1. NMR spectroscopic data of 2a, b, 3 a, b, and 4 a, b.[a]

2a : 1H NMR: d� 6.63 (sept., 3J(H,H)� 6.6 Hz, 2 H; NCHMe2), 4.21 (s,
2H; HC�CH), 3.62 (m, 8H; OCH2, THF), 1.77 (m, 8H; OCH2CH2 , THF),
1.09 (d, 3J(H,H)� 6.6 Hz, 12 H; NCHMe2). 13C NMR: d� 115.87 (ddd,
1J(C,H)� 168.4, 2J(C,H)� 10.2, 3J(C,H)� 6.9 Hz; HC�CH), 68.21 (t;
OCH2, THF), 57.59 (d, 1J(C,H)� 144.3 Hz; NCHMe2), 26.25 (t;
OCH2CH2, THF), 24.25 (q, 1J(C,H)� 125.5 Hz; NCHMe2)

2b : 1H NMR: d� 6.22 (tt, 2 H; NCH, cyclo-C6H11), 4.14 (s, 2H; HC�CH),
3.62 (m, 8 H; OCH2, THF), 1.97 (m, 4H; cyclo-C6H11), 1.78 (m, 8H;
OCH2CH2 , THF), 1.77 (m, 4 H; cyclo-C6H11), 1.65 ± 1.45 (m, 8H; cyclo-
C6H11), 1.00 (m, 4 H, cyclo-C6H11); 13C NMR: d� 116.20 (ddd, 1J(C,H)�
167.9, 2J(C,H)� 9.9, 3J(C,H)� 6.9 Hz; HC�CH), 68.22 (t, OCH2; THF),
66.77 (d; cyclo-C6H11), 35.28 (t, 1J(C,H)� 126.8 Hz; cyclo-C6H11), 27.09 (t,
1J(C,H)� 125.7 Hz; cyclo-C6H11), 26.24 (t, 1J(C,H)� 130.7 Hz; cyclo-
C6H11), 26.33 (t, OCH2CH2; THF)

3a : 1H NMR: d� 6.99 (sept., 3J(H,H)� 6.7 Hz, 2 H; NCHMe2), 3.86 (s,
2H; HC�CH), 3.62 (m, 8H; OCH2, THF), 1.77 (m, 8H; OCH2CH2 , THF),
1.07 (d, 3J(H,H)� 6.7 Hz, 12H; NCHMe2); 13C NMR: d� 113.10 (ddd,
1J(C,H)� 169.0, 2J(C,H)� 10.5, 3J(C,H)� 6.9 Hz; HC�CH), 68.22 (t;
OCH2, THF), 58.60 (d, 1J(C,H)� 143.3 Hz; NCHMe2), 26.29 (t;
OCH2CH2 , THF), 24.28 (q, 1J(C,H)� 125.8 Hz; NCHMe2)

3b : 1H NMR: d� 6.57 (tt, 2 H; NCH, cyclo-C6H11), 3.75 (s, 2H; HC�CH),
3.58 (m, 8 H; OCH2, THF), 1.97 (m, 4H; cyclo-C6H11), 1.77 (m, 4H; cyclo-
C6H11), 1.74 (m, 8 H; OCH2CH2, THF), 1.62 ± 1.43 (m, 6 H; cyclo-C6H11),
1.05 ± 0.81 (m, 6 H, cyclo-C6H11); 13C NMR: d� 113.37 (ddd, 1J(C,H)�
167.5, 2J(C,H)� 10.6, 3J(C,H)� 6.8 Hz; HC�CH), 68.23 (t, 1J(C,H)�
144.1 Hz; OCH2, THF), 67.64 (d, 1J(C,H)� 136.9 Hz; cyclo-C6H11), 35.33
(t, 1J(C,H)� 126.4 Hz; cyclo-C6H11), 27.04 (t, 1J(C,H)� 126.4 Hz; cyclo-
C6H11), 26.67 (t, 1J(C,H)� 126.0 Hz; cyclo-C6H11), 26.29 (t, 1J(C,H)�
131.6 Hz; OCH2CH2, THF)

4a : 1H NMR (25 8C): d� 5.46 (br. s, 2H; HC�CH), 5.31 (sept., 3J(H,H)�
6.6 Hz, 2H; NCHMe2), 3.62 (m, 4 H; OCH2, THF), 1.77 (m, 4H;
OCH2CH2 , THF), 1.13 (d, 3J(H,H)� 6.6 Hz, 4 H; NCHMe2); 1H NMR
(ÿ80 8C): d� 5.50 (m, 2 H; NCHMe2), 5.08 (s, 2H; HC�CH), 3.62 (m, 4H;
OCH2, THF), 1.77 (m, 4H; OCH2CH2 , THF), 1.13 (d, 3J(H,H)� 5.7 Hz,
6H; NCHMe2), 1.02 (d, 3J(H,H)� 5.9 Hz, 6 H; NCHMe2); 13C NMR: d�
115.83 (d, 1J(C,H)� 180.7 Hz; HC�CH), 68.26 (t; OCH2, THF), 61.05 (d,
1J(C,H)� 142.7 Hz; NCHMe2), 26.27 (t; OCH2CH2, THF), 22.62 (q,
1J(C,H)� 127.1 Hz; NCHMe2)

4b : 1H NMR (25 8C): d� 5.56 (s, 2 H; HC�CH), 4.88 (tt, 2 H; NCH, cyclo-
C6H11), 3.62 (m, 4H; OCH2, THF), 1.96 (m, 4H; cyclo-C6H11), 1.78 (m, 4H;
OCH2CH2 , THF), 1.77 (m, 4 H; cyclo-C6H11), 1.61 (m, 2H; cyclo-C6H11),
1.40 ± 1.05 (m, 10 H; cyclo-C6H11); 1H NMR (ÿ80 8C): d� 5.14 (s, 2H;
HC�CH), 5.09 (m, 2H; NCH, cyclo-C6H11), 3.62 (m, 4H; OCH2, THF),
1.80 (m, 4 H; OCH2CH2 , THF), 1.90 ± 0.85 (m, 20H; cyclo-C6H11); 13C-
NMR: d� 114.40 (d, 1J(C,H)� 180.0 Hz; HC�CH), 69.03 (d, 1J(C,H)�
141.0 Hz; cyclo-C6H11), 68.20 (t; OCH2, THF), 33.59 (t, 1J(C,H)�
132.2 Hz; cyclo-C6H11), 26.46 (t; cyclo-C6H11), 26.31 (t; cyclo-C6H11),
26.25 (t; OCH2CH2, THF)

[a] The NMR spectra were recorded at 25 8C, and for 4 a,b additionally at
ÿ80 8C, in [D8]THF at 300.075 (1H) and 75.462 MHz (13C) on a Varian-
Gemini-300-BB spectrometer. Correct elemental analysis were obtained
for all compounds.
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arrangement of ligands is therefore preferred because in this
way, as in 2 b, two chlorine atoms are found in the plane of the
1,4-diaza-1,3-diene and can form CÿH ´´´ Cl hydrogen bonds
(H ± Cl 2.68(4) and 2.69(4) �; C-H-Cl 125(3) and 126(3)8)
with the methine hydrogen atoms of the isopropyl groups. All
other characteristic structural features of 4 a, which are
attributed to these CÿH ´´´ Cl bonds, correspond to those of
the titanium complex. However, on account of the differing
influence of the ligands chlorine and THF at the axial
octahedral positions, the Nb(N1-C1=C2-N2) five-membered
ring is slightly folded along the N1 ± N2 axis (q� 6.3(2)8).[18]

The surprising occurrence of intramolecular CÿH ´´´ halo-
gen hydrogen bonds in the isopropyl- and cyclohexyl-sub-
stituted 1,4-diaza-1,3-diene complexes 2, 3, and 4 is in
agreement with the results obtained by Taylor and Kennard,
according to which C ± H units frequently occur as H-bond
donors, if they are located in the a-position to a nitrogen
atom.[2a] Whether other structural prerequisites are generally
required for the occurrence of a CÿH ´´´ halogen hydrogen
bond, such as the additional support through a resonance-
stabilized ligand system, and to what extent these intra-
molecular CÿH ´´´ halogen hydrogen bonds can be varied with
respect to the complex geometry and the choice of the
halogen atom[19] are currently under investigation.

Experimental Section

All work was carried out under argon with carefully dried, degassed
solvents. The 1H and 13C NMR data of the new compounds are given in
Table 1.

2a : A solution of 1a (12.20 mmol), prepared from iPrN�CHCH�NiPr
(1.71 g, 12.20 mmol) and lithium (0.169 g, 24.40 mmol) in THF (50 mL),
was added dropwise at ÿ78 8C to a soution of TiCl4 ´ 2 THF (4.07 g,
12.20 mmol) in THF (150 mL). The reaction mixture was allowed to warm
to room temperature and stirred for 24 h. Subsequently the solvent was
removed under vacuum and the residue was extracted with diethyl ether
(100 mL). Red crystals of 2a (3.84 g, 78 %) precipitated from the extract at
ÿ20 8C.

2b : Compound 2 b was obtained as described for 2 a by the reaction of 1b
(21.46 mmol), prepared from (cyclo-C6H11)N�CHCH�N(cyclo-C6H11)
(4.73 g, 21.46 mmol) and lithium (0.298 g, 42.92 mmol), with TiCl4 ´ 2THF
(7.17 g, 21.47 mmol) in 67% yield (6.95 g). Crystals suitable for the crystal
structure analysis were obtained from diethyl ether/THF.

3a : TiBr4 (4.58 g, 12.46 mmol) was dissolved in THF (150 mL) at ÿ78 8C
and treated dropwise at this temperature with a solution of 1 a
(12.46 mmol), prepared from iPrN�CHCH�NiPr (1.75 g, 12.46 mmol)
and lithium (0.173 g, 24.92 mmol) in THF (50 mL). The reaction mixture
was allowed to warm to room temperature and stirred for 12 h.
Subsequently the solvent was removed under vacuum and the residue
was extracted with diethyl ether (100 mL). Red crystals of 3a (4.97 g, 81%)
precipitated from the extract at ÿ5 8C.

3b : Compound 3 b was obtained as described for 3 a by the reaction of 1b
(9.55 mmol), prepared from (cyclo-C6H11)N�CHCH�N(cyclo-C6H11)
(2.10 g, 9.55 mmol) and lithium (0.133 g, 19.10 mmol), with TiBr4 (3.51 g,
9.55 mmol) in 70 % yield (3.83 g).

4a : A solution of 1a (10.42 mmol), prepared from iPrN�CHCH�NiPr
(1.46 g, 10.42 mmol) and lithium (0.145 g, 20.84 mmol) in THF (100 mL),
was added dropwise to a solution of NbCl5 (2.82 g, 10.42 mmol) in THF
(150 mL) at ÿ78 8C. The reaction mixture was allowed to warm to room
temperature and stirred for 24 h. Subsequently the solvent was removed
under vacuum until 50 mL of the solution remained. Diethyl ether
(100 mL) was added to this reaction mixture. This led to the precipitation
of nearly all the lithium chloride, which was separated from the solution by
repeated filtration. The filtrate was kept for several days at ÿ20 8C, during

this time 4 a precipitated as an ocher, microcrystalline solid. Yellow-brown,
analytically pure crystals of 4a (2.49 g, 58%) were obtained by recrystal-
lization from THF.

4b : Compound 4 b was obtained as described for 4 a by the reaction of 1b
(9.65 mmol), prepared from (cyclo-C6H11)N�CHCH�N(cyclo-C6H11)
(2.13 g, 9.65 mmol) and lithium (1.34 g, 19.30 mmol), with NbCl5 (2.61 g,
9.65 mmol) in 55 % yield (2.61 g). Parallelpiped-shaped amber crystals,
which were suitable for an X-ray crystal structure analysis were obtained
after recrystallization from THF.
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Formation of a Novel Amidinium-Bridged
Polyhedral Borane Ion by Incorporation of an
Acetonitrile Solvent Molecule**
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The derivative chemistry of the polyhedral borane ion
[B20H18]2ÿ [1] has been of considerable interest for a number of
years. Recently, we showed that oxidation of the oxygen-
substituted derivatives ae-[B20H17OR]4ÿ produced polyhedral
borane anions [m-B20H18OR]2ÿ,[2] which contained both hydro-
gen and oxygen bridges. This observation, together with the
availability of amine-substituted species suitable as candidate
target species for boron neutron capture therapy (BNCT) of
cancer,[3] prompted us to extend these studies to the oxidation
of ae-[B20H17NH3]3ÿ (1, Scheme 1).[3, 4] The ion 1 and related
amine derivatives exhibit excellent tumor uptake and selec-
tivity when delivered by liposomes in vivo.[3, 4] This has been
attributed to the facile intracellular oxidation of the
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