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The agostic interaction is a thoroughly documented and well-
understood concept in organometallic chemistry that plays an
essential role in transition-metal catalysis.' In spite of the ubiquity
of complexes featuring agostic interactions, to our knowledge no
stereoisomers differing with respect to the orientation of the
C—H—M bond (agostic isomers) have been reported, although such
species are believed to be responsible for determining the outcome
of certain catalytic reactions, such as the stereochemistry in olefin
polymerization.> The pronounced hydridic nature of the B—H
moiety renders three-center-two-electron B—H—M bonds consider-
ably less elusive than classical agostic interactions, and numerous
transition-metal hydridoborate and related metal o-borane com-
plexes have been structurally characterized.® Although the B—-H—M
and C—H—M interactions are based on closely related electron-
sharing principles, it has been stressed that the term ‘“‘agostic
interaction” should be restricted to hydrocarbon derivatives in order
to emphasize that they are unusual.'®

The 0-N-binding amidoborane (NH,—BH;") ligand is isoelec-
tronic with the ethyl anion, and consequently, it is expected to
display in its binding properties certain similarities with this simple
organic group. As a result of the potential of ammonia borane as
a hydrogen source,* amidoborane alkali-, alkaline-earth-,> and
transition-metal complexes® were very recently reported, although
no structural details for the transition-metal derivatives are yet
available. We were interested in exploring the ligand properties of
NH,—BHj;™ and especially in comparing its binding ability to that
of the ethyl group.

The reaction of Cp*ZrCl, (Cp* = Cp, Cp*) with 2 equiv of
H;N—BH; in the presence of n-BuLi cleanly produced the zir-
conocene hydride complexes 1 and 2 (Scheme 1). Reaction of
Cp,ZrCl, with 1 equiv of HsN—BH; and n-BuLi yielded 3, but
attempts to prepare Cp*,Zr(C1)NH,BH; (4) produced only mixtures
of 2 and unreacted Cp*,ZrCl,. A plausible mechanism for the
formation of 1 via the intermediate 3 would involve salt metathesis
and formation of the sterically encumbered complex
Cp,Zr(NH,BH3),, followed by spontaneous 3-hydride elimination,
which is common for metal ethyl derivatives. The steric strain
provided by the bulky Cp* ligands in 4 could promote f3-hydride
elimination with formation of Cp*,Zr(H)Cl, which would undergo
further salt metathesis to yield the less sterically encumbered
complex 2. All of the complexes were isolated as colorless
crystalline solids. The expected byproducts of S-hydride elimination,
cyclic borazane oligomers or open-chain polymers, were not
identified.”

The 'H and "*C NMR spectra of compounds 1—3 in benzene-ds,
toluene-ds, and THF-dj feature all of the signals expected for either
the Cp or the Cp* ligands in sets of two, in good agreement with
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Scheme 1. Synthesis of Derivatives 1—3
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the presence of two isomers for each compound. The relative
intensities of the signals indicate different ratios for the two isomers,
which are strongly solvent-dependent but show little temperature
dependence. The pair of 'H resonances corresponding to the
zirconium hydride, one for each isomer, appear at 3.12—3.61 ppm
for 1 and 4.08—4.15 ppm for 2, both of which are slightly upfield
from the typical values observed for terminal zirconium hydrides.®
Two broad '"H NMR resonances corresponding to the NH, groups
of 1 (0.10—1.41 ppm), 2 (—0.10 to 0.40 ppm) and 3 (1.48—2.76
ppm) are generally observed, but occasionally these resonances
coincide. The very broad quartet signals corresponding to the BH3
protons in the two isomers of each of 1, 2, and 3 overlap at room
temperature between —0.15 and 0.44 ppm. Also, the ''B NMR
spectra of 1, 2, and 3 at room temperature feature two distinct,
sharp quartet resonances around —34, —31, and —23 ppm,
respectively, with 'Jgy = 88—94 Hz. This is comparable to the
value of 92 Hz observed for ammonia borane, confirming that all
three hydrogen atoms in each isomer are equivalent on the NMR
time scale.

Single-crystal X-ray diffraction (XRD) for samples of 1 revealed
two coexisting polymorphs, 1bI and 1bII. Their metric parameters
are very similar, and only the former will be discussed here. The
crystal structures of 2b and 3a were also determined, but the former
suffered from significant disorder of the Cp* ligands, preventing
the location of the hydrogen atoms even at —150 °C, and will not
be discussed. The molecular structure of 2b is nevertheless similar
to the structure of 1b. The most important feature in all of the
structures is the chelating NH,BH;™ ligand, which binds to the metal
through a Zr—N bond and a Zr—H—B bridge (Figure 1). The
resulting planar MNBH ring has been observed as a structural
element in several main-group®>° and transition-metal complexes, '
among them one zirconium derivative containing the Cp,ZrCl
fragment [Zr—N, 2.211(2) A; B—N, 1.360(3) A; Zr+++B, 2.627(2)
A]' and one derivative featuring a tetracoordinated nitrogen
[B—N, 1.52(4) A].1%* Very recently, a nickel(I) complex, (N-
heterocyclic carbene)Ni(H)NH,BH;, featuring the amidoborane
ligand in a very similar bonding environment, was proposed as an
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Figure 1. Solid-state molecular structures of (left) 1bI and (right) 3a, with
thermal ellipsoids at 50% probability. Selected bond lengths (A) and angles
(deg), with values for the polymorph 1bII given in curly brackets and
calculated values in square brackets: 1bI {1bIl}: Zr—H(6), 1.71(4) {1.74(3)}
[1.823]; Zr—N, 2.286(4) {2.284(2)} [2.297]; Zr++*B, 2.665(5) {2.657(2)}
[2.643]; N—B, 1.539(7) {1.531(3)} [1.544]; N—H, 0.81(5), 0.81(6) {0.84(3),
0.86(3)} [1.008]; B—Hm, 1.09(5), 1.10(4) {1.11(3), 1.11(3)} [1.208];
B—H(1), 1.22(4) {1.24(4)} [1.301]; Zr—H(1), 2.02(4) {1.98(2)} [2.004];
H(6)—Zr—N, 125.1(14) {123.0(8)} [122.85]; Zr—N—B, 86.0(3) {85.86(12)}
[84.55]; N—B—H(1), 105(2) {103.9(11)} [107.21]; Zr—H(1)—B, 108(2)
{109(2)} [104.19]. 3a: Zr—Cl, 2.5742(8) [2.520]; Zr—N, 2.268(3) [2.272];
Zr+++B, 2.685(4) [2.681]; N—B, 1.523(5) [1.526]; N—H, 0.93(5), 0.98(4)
[1.010]; B—Hm, 1.09(4), 1.13(3) [1.207]; B—H(1), 1.24(3) [1.306];
Zr—H(1), 2.02(3) [2.015]; C1—Zr—N, 78.68(8) [78.73]; Zr—N—B, 87.89(19)
[87.49]; N—B—H(1), 102.8(15) [104.13]; Zr—H(1)—B, 108(2) [105.69].

intermediate in the catalytic decomposition of ammonia borane. '’
The coordination of the NH,BH; fragment is strikingly similar to
that of the isoelectronic ethyl group in the seven [-agostic
ethyl—metal complexes that have been structurally characterized
to date.'* The metric parameters in the only zirconium derivative,
(7°>-MeCsH,),Zr(PMe;)Et™,'?? are similar to those observed in 1b
and 3a [Zr—Cq, 2.290(9) A; C,—Cg, 1.47(2) A; Zr+++Cp, 2.629(9)
A vs Zr—N, 2.268(3)—2.286(4) A; B—N, 1.523(5)—1.539(7) A;
Zr+++B, 2.657(2)—2.685(4) A]. The slight shortening of the B—N
bond upon coordination [vs the B—N bond in ammonia borane,
1.597(3) A]'® mirrors the shortening of the C,—C bond in S-agostic
ethyl complexes [vs the C—C bond in ethane, 1.532(2) A]." One
of the structural trademarks of the (-agostic interaction in these
derivatives is the unusually narrow M—C,—Cjg angle (74.3—84.5°),
with the early metals Ti and Zr situated at the wider end of the
range and the late metals Co, Ni, and Pt at the narrow end. With
Zr—N—B angles of 85.9—87.9°, complexes 1b and 3a fit the model
very well, and the term “/3-B-agostic” has been chosen to describe
the bonding in these compounds in order to emphasize the similarity
to that in f-agostic ethyl complexes.

The vibrational spectra of 1, 2, and 3 confirmed the findings of
the structural measurements, exhibiting characteristic vibrations for
terminal and bridging BH bonds at 2397—2304 and 1899—1792
cm™!, respectively.15 In addition, NH vibrations were observed at
3430—3280 cm™! and Zr—H vibrations (in 1 and 2) at 1553 and
1531 cm™ L.

As in other pentacoordinate zirconocene complexes (with Cp
considered as a mondodentate ligand), the Zr—H and Zr—Cl bonds
in 1b and 3a, respectively, are situated in the plane of the ZrNBH
ring, which in turn lies symmetrically between the cyclopentadienyl
rings. This raises the possibility of the existence of two stereoiso-
mers, a and b; in the solid state, the metal hydride in 1b is indeed
situated trans to the nitrogen atom, while the chloride in 3a is
situated trans to the boron atom. The presence of pairs of resonances
with solvent-dependent relative ratios in the NMR spectra of 1, 2,
and 3 indicates that for each compound, the two isomers coexist
and are in equilibrium. The cross-peaks for the Cp protons in the
EXSY NMR spectra of 1 and 3 in toluene-dg confirm this
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Figure 2. Simulated and experimental powder XRD patterns for 1.
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Figure 3. Variable-temperature '"H{''B} NMR spectra of 1 in toluene-ds,
showing the area featuring the resonances corresponding to the protons in
the NH,BHj ligand.

supposition, and the exchange rates were estimated to be 0.27 s™!
at 20 °C and 0.05 s™! at —20 °C for the former and 0.01 s™! at
20 °C for the latter. Powder XRD showed that 1bI is the main
constituent of 1 in the solid state, with no detectable amount of
1bII being present (Figure 2). No other major crystalline constitu-
ents were observed, and elemental analysis proved the purity of
the sample.

A variable-temperature boron-decoupled '"H NMR study of 1 in
toluene-ds allowed for a more precise assignment of the resonances
corresponding to the hydrogen atoms attached to boron (Figure 3).
At 60 °C, these hydrogen atoms are equivalent on the NMR time
scale and generate a sharper resonance at 0.01 ppm (1b) and a
broader one at —0.38 ppm (la). The resonance at 0.01 ppm
broadens upon cooling and shifts slightly downfield, reaching 0.31
ppm at —80 °C. The broader resonance at —0.38 ppm coalesces at
~0 °C and splits upon further cooling, yielding two signals in a
2:1 ratio at 1.17 and —2.88 ppm at —80 °C, corresponding to the
terminal (BH,) and bridging (B—H—Zr) hydrogen atoms, respec-
tively, in 1a. This behavior indicates a noticeably lower free energy
of activation with respect to rotation of the BH; moiety around the
BN bond in 1b than in 1a, where AG¥,;5x was estimated to be 48
kJ mol ! using NMR data. A lower free energy of activation would
be expected in 1b, where the BH; moiety experiences less steric
strain from the Cp groups than in 1a, in which the tilted Cp groups
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sandwich the BH; moiety more tightly. A computational study
confirmed this supposition, yielding estimates for the enthalpy of
activation with respect to rotation of the BH; moiety around the
BN bond of 46 kJ mol™! in 1a and 19 kJ mol™! in 1b, allowing for
the correlation between the solid-state structures and the NMR
signals. Between —80 and —90 °C, the NMR spectra reveal that
1b starts to crystallize out of the toluene-ds solution, in good
agreement with the results of the solid-state structural studies.

The low-temperature '"H NMR spectra of 1a and 1b featured
broad signals corresponding to the BH protons, preventing the
determination of the 'Jgy coupling constant. Similarly, the 'Jgy
coupling was not resolved in the low-temperature ''B NMR spectra.
COSY NMR was used for the assignment of the peaks in the 'H
NMR spectra of 1a and 1b. Cross-peaks were observed between
the resonances assigned to the terminal zirconium hydride and those
corresponding to the NH, protons, as well as to those corresponding
to the bridging BH and temperature-averaged BH; protons in the
two isomers. The scalar coupling confirmed that the 3-B-agostic
interaction is preserved in solution in both 1a and 1b. An open-
chain isomer would be expected to be considerably higher in energy,
and its relative concentration would be expected to be strongly
temperature-dependent. A computational analysis showed the
structurally characterized derivatives 1b and 2b to be, in vacuum,
energetically on par with their isomers 1a and 2a, respectively,
with the energy differences between them being less than
the expected accuracy of the employed method. Under the same
conditions, the crystallized isomer 3a was ~25 kJ mol ™! more stable
than 3b. In all cases, the energy minima were very shallow because
of the low energy barrier for the rotation of the Cp/Cp* groups;
more importantly, the improbable open-chain isomers featuring
monodentate amidoborane ligands were not found to constitute
stable minima on the potential energy surface.

In conclusion, we report herein the first structural characterization
of transition-metal amidoborane complexes. All of the complexes
feature chelating NH,BH;™ ligands binding through a Zr—N bond
and a classical Zr—H—B bridge, and their structural and spectro-
scopic properties mirror the properties of their isoelectronic
B-agostic ethyl analogues. The relative position of the amidoborane
ligand with respect to the chloride or hydride ligand on zirconium
gives rise to stereoisomers that have not been characterized in the
chemistry of the less robust S-agostic derivatives. The parallel
between the more stable 3-B-agostic amidoborane complexes and
their isoelectronic -agostic ethyl analogues should allow for a better
understanding of both systems. In addition, the structure and
dynamics of the derivatives characterized herein is relevant to the
thriving field of catalytic hydrogen generation from ammonia
borane.
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