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b-hydrogen (b-H) elimination is a rarely documented phe-
nomenon for transition-metal amido complexes (Scheme 1).[1]

The first directly observable example of a b-H elimination

involving a monomeric late-transition-metal amido complex,
[Ir(PPh3)2(CO){N(CH2Ph)Ph}] (1), was reported by Hartwig
in 1996.[1a] Surprisingly, the b-H elimination in 1 occurs slowly
(depending on the concentration of added phosphine) and
requires relatively high temperatures (110 8C in toluene) to
obtain stable N-phenyltoluenimine and the hydrido species
[Ir(PPh3)3(CO)H] (1a).

Hartwig concluded that “b-H elimination of late metal
amides can be much slower than elimination of the corre-
sponding alkyl complexes”.[1a] In general, it is assumed that
the potential energy surface (PES) of the b-H elimination
process in transition-metal alkyl complexes involves inter-
mediates in which b-agostic interactions occur.[2] Hence, the

reduced b-H elimination activity in amido compared to alkyl
complexes may be due to the enhanced ability of alkyl
systems to form pronounced b-agostic interactions even in the
ground state. This might explain “the different mechanistic
features detected for amido, alkoxo and alkyl derivatives which
makes it difficult to directly compare their tendencies to
undergo b-elimination reaction”[1k] even in related complexes.
Therefore, we have compared the structural and electronic
characteristics of various d0 alkyl and amido benchmark
complexes exhibiting deformations resulting from b-agostic
interactions in their ground-state structures (Figure 1). This
study should provide further insight into the control param-
eters for elementary b-H elimination processes.

Figure 1 highlights the salient structural features for the
reference d0 titanium amido and titanium alkyl complexes,
[CpTi(iPr2N)Cl2] (2)[3a] (Cp = C5H5

�) at 9 K[3b] and [EtTiCl3-
(dmpe)] (3)[3c] (dmpe = (CH3)2PCH2CH2P(CH3)2) at 105 K.
Alkyl complexes containing b-agostic interactions are typi-
cally characterized by acute ]MCaCb angles,[2c] while
]MNaCb angles smaller than the expected 1208 in combina-
tion with short M···Hb distances have been suggested as
indicators of amido groups involved in b-agostic interac-
tions.[3a, 4] On the basis of these structural criteria, 2 reported
by Pupi et al. ,[3a] has one of the smallest ]MNaCb angles and
shortest M···H distances observed to date for an amido
species with a b-agostic interaction (see the Supporting
Information). The above geometrical definition of an agostic

Scheme 1. Two possible elimination pathways for transition-metal
amido complexes containing b-agostic interactions.

Figure 1. ORTEP representations (thermal ellipsoids set at 50 % prob-
ability level) for the structural fragments of 2 at 9 K and of 3 at 105 K
containing the agostic interaction. Selected bond lengths [�] and
angles [8] are given together with the experimental wavelengths [cm�1] .
C�H distances were not refined as they were calculated from isolated
C�H stretching frequencies nis.
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interaction accounts for most of the alkyl and amido
complexes containing agostic interactions, but separates the
nature of the phenomenon and the driving force behind it
from its observable chemical implications.[2c] Indeed, a closer
inspection of 2 reveals that concerted b-H elimination
processes involving activated b-C�H bonds and agostic
M···H�C interactions appear hindered in d0 transition-metal
amido complexes compared to their alkyl congeners
(Figure 1). Clearly, the pronounced p-bonding character of
the coordinating N atom hinders any hyperconjugative
electron delocalization of the M�N bonding electrons which
is essential for establishing strong b-agostic interactions.[2c,3c]

Both our low-temperature X-ray study at 9 K and density
functional theory (DFT) calculations show that the agostic
iPr2N moiety of 2 displays no imine character but rather an
activated N�C1 bond of 1.500(3)/[1.497 �] compared with its
non-agostic iPrN fragment (N�C2 = 1.486(3)/[1.478 �]);[5]

values obtained by DFT calculations employing the ZORA-
Hamiltonian at the BP86/TZ2P level of approximation[6] are
given in square brackets. In contrast, the benchmark alkyl
complex 3 has a Ca�Cb bond length of 1.513(1) �, which is
shorter than standard C�C single bonds in systems without
agostic interactions (e.g. 1.526(11) � in [EtTiCl3]).[7] These
results are in line with the partial olefinic character of an
agostic ethyl group (Figure 1). A literature survey (see the
Supporting Information) has revealed that the observed
lengthening of the Na�Cb bond is a characteristic feature of
agostic amido moieties which thwarts the b-H elimination
process by hindering the amido ligand from attaining an
imine-type character (Scheme 1).

The small extent of the b-H activation provides another
argument for the hindrance of b-H elimination in 2. Indeed,
our DFT calculations predict only a subtle elongation of the
C1�H1 bond of the agostic methine group relative to the
standard C2�H2 bond in 2 (Dr(C-H) = 0.004 �). This theo-
retical result is supported by the experimental infrared data
for 2 which reveal two isolated stretching frequencies, ñ(nis),[8]

for the agostic (ñ(nis) = 2716 cm�1) and non-agostic (ñ(nis) =

2766 cm�1) methine groups. McKean�s empirical correlation[8]

linking r0(C-H) bond lengths to nis(C-H) values predicts a
marginal bond length difference of 0.005 � between the
Cb
�H bonds involved in agostic interactions (C1�H1) and

non-agostic Cb
�H bonds (1.120 and 1.115 �, respectively), in

excellent agreement with the corresponding DFT calculations
(1.106/1.102 �). A direct comparison of the nis(Cb-H) values
of 2 with the corresponding one derived from the
[CHD2CD2TiCl3(dmpe)] isotopologue of 3 (ñ(nis) =

2585 cm�1)[8d] supports our hypothesis that b-H activation is
in general significantly weaker in d0 amido complexes
containing agostic interactions than in the corresponding d0

alkyl complexes (Figure 1).
In general, b-H activation is linked with a significant

redistribution of the bonding electron density upon the
development of a M···Hb-C interaction.[2c,3c] This electronic
redistribution should be reflected by decreased 1JC-H coupling
constants and a high-field shift of the agostic proton on the
1H NMR scale.[2] The 1H variable-temperature NMR spec-
troscopic investigation of 2 in [D8]toluene exhibits one broad
singlet for the methine protons (d = 4.72 ppm) at room

temperature. Upon cooling to 178 K, the peak arising from
the methine protons broadens and splits into two broad
singlets at d = 2.33 (non-agostic) and 6.77 ppm (agostic
proton). The splitting of the methine signal indicates the
presence of a static b-agostic interaction which arises from the
freezing of the rotation of the iPr2N moieties about the Ti�N
and N�Cb bonds at lower temperatures. The activation
parameters for the overall process were determined from
VT NMR experiments (DH� = (37.4� 1.0) kJmol�1, DS� =

(�20� 193) J mol�1 K, EA = (39.3� 1.0) kJ mol�1), in qualita-
tive agreement with our DFT calculations (see the Supporting
Information). The two methine groups can also be distin-
guished from their gated 13C NMR spectra at 178 K, which
show two doublets at d = 50.0 (1JC-H = 120.2 Hz) and d =

59.1 ppm (1JC-H = 134.7 Hz). A comparison with other exper-
imental 1H shifts of agostic methine protons in the related
amido complexes 4–6[9] reveals a clear correlation between
the Ti···H separation and the chemical shifts (Figure 2 and
Table 1). Accordingly, a relaxed PES scan (Figure 2 and
Table 1) of 2 correlates the shortening of the Ti···Hb distance
with a positive (downfield) shift of the agostic proton despite
its formally increasing hydridic character, consistent with the
observed downfield shifts found in 3.[12] This situation is in
agreement with the observation that also classical d0 titanium
hydrides exhibit pronounced downfield shifts of the terminal
hydrogen atom.[9c,d] Analysis of the individual diamagnetic
(sd) and paramagnetic (sp) contribution to the isotropic
shielding s = sd + sp shows that the downfield 1H NMR shifts

Figure 2. a) Superposition of the {TiNCbHb} fragments obtained from
a scan of the relaxed PES scan (a1,initial = 858 and a8,final = 1208 ; D =58)
and the equilibrium geometry (aeq = 101.18) of 2 ; b) correlation
diagram of the chemical shift d [ppm] of the agostic proton (black)
and the 1JC-H coupling constant [Hz] (red) versus the Ti-H separa-
tion [�] as obtained from the scan of the relaxed PES scan of
2 (squares); triangles 4, diamonds 5, and circles 6. Filled symbols
represent the respective experimental values. The lines are fits to the
calculated data (d values: black; 1JC-H values: red) of 2.
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for the agostic protons are surprisingly due to the dominant
paramagnetic deshielding, sp (Table 1). The diamagnetic
shielding, sd, shows the expected trend but increases only
slightly with decreasing Ti···Hb distances. Furthermore, this
small high-field shift is not supported by a significantly
increasing negative atomic charge[10] of the agostic proton
(see the Supporting Information). Hence, classical arguments
fail to explain this shift which is, however, more than
overcompensated by the reverse paramagnetic deshielding
contribution.[11] Thus, our theoretical analysis of the NMR
shielding tensor provides the basis of an explanation for the
unusual downfield shift of the agostic protons in agostic d0

systems.[12, 9c,d]

Thus, the agostic protons in 2 and 3 are both characterized
by downfield shifts which correlate with the M···H distances.
In contrast, the computed 1JC-H values which provide a
reliable measure of the C�H activation[2f, 13] show a more
complex dependency on the M···H separation in agostic
moieties. Hence, we suggest that the correlation between the
M···H distances and 1H chemical shifts can be exploited as an
experimental technique for the direct determination of M�H
bond lengths and is an alternative to measuring the T1

relaxation time in solution NMR measurements or to neutron
diffraction studies of solids.[14]

The previously discussed redistribution of the bonding
electron density can be further analyzed by a topological
analysis of the charge-density distribution 1(r). This analysis
reveals the formation of an atomic interaction line between Ti
and Hb at ]TiNCb angles smaller than 908 ; this line signals
increased Ti�H bonding (Figure 3). The increase of Ti�H
bonding interactions is also reflected by the changes in the
fine structure of the negative Laplacian, L(r) =�521(r), in
the valence shell of charge concentration (VSCC)[15] of the Ti
atom. The local zone of charge depletion (CD), which faces
the agostic H atom, provides a measure of the local Lewis
acidity of the Ti atom and promotes the slight activation of the
C�Hb bond.[2c,3c] It is noteworthy, that the fine structure of
L(r) closely resembles the ELF envelope maps[16] drawn at a
value of 0.84 (Figure 3). This result again reinforces the
usefulness of L(r) as an electron localization function and a

tool to locate regions of increased
Lewis acidity at metal centers.[17]

The PES scan shows that this CD
zone vanishes with decreasing
Ti···H distances, in agreement with
a strengthening of the Ti···Hb-C
interactions. We also note, that the
charge concentration (CC) at the H
atom shows a polarization towards
the Lewis acidic metal atom at
]TiNCb angles of 858 and below.
As previously indicated, the extent
of local Lewis acidic character at
the metal atom appears to be a
salient control parameter for b-H
activation[2c] in both amido and
alkyl complexes containing agostic

interactions—provided steric congestion does not prevent the
formation of these interactions. However, the Ti···Hb inter-
action in the d0 complexes 2 and 3 is weak and should rather
be interpreted as secondary interaction[2c] which does not
represent the major driving force behind the agostic phenom-
enon. Furthermore, the short M···HbCb contacts in 2 are
clearly enforced by the steric demand of the (iPr2N) and Cp
ligands. As a consequence, the DFT optimized geometries of
[CpTi(Me2N)Cl2] (2a) and [Ti(Me2N)Cl3] (2b) display sig-
nificantly larger ]TiNCb angles and longer Ti···Hb contacts
(2a : 2.596 �; 2b : 2.739 �) than 2.

In conclusion, on the basis of our phenomenological
definition of b-agostic interactions, we suggest that both the d0

Table 1: NMR chemical shifts (d) [ppm], diamagnetic (sd) and paramagnetic (sp) shielding
contributions, and the coupling constants 1JC-H [Hz] as obtained from the scan of the relaxed PES
scan of the Ti-N-C angle in 2 and the experimental values of the benchmark systems.[a]

Compd ]TiNCb [8] d(Ti�H) [�] d [ppm] sd [ppm] sp [ppm] 1JC-H [Hz]

2exp 100.4(1) 2.25(3) 6.77[a] – – 120.2[b]

2calcd 85.0 1.944 7.71 30.11 �6.48 119.8
101.1 2.323 6.51 29.25 �4.43 128.3
115.0 2.687 5.84 29.04 �3.55 136.8

4exp 117.4(2) 2.80(2) 5.69 – – 141.3[c]

4calcd 118.1 2.778 5.50 28.55 �2.72 140.9
5exp 114.2(2) 2.67(3) 5.92 – – 133.7
5calcd 113.3 2.624 5.68 28.98 �3.32 138.8
6exp 104.5(1) 2.38(2) 6.57 – – 128
6calcd 104.5 2.406 6.37 28.93 �3.96 132.2

[a] (d = s(TMS)�s ; with scalcd (TMS) = 31.34 ppm). Benchmark systems: [{h5-C5H4SiMe2N(iPr)}TiCl2]
(4 ; Ref. [9a]), [{h5-C5H4(CH2)2N(iPr)}TiCl2] (5 ; Ref. [9b]) and [{h5-C5H4(CH2)3N(iPr)}TiCl2] (6 ; Ref. [9b]).
For further information see the Supporting Information. [b] At 178 K in [D8]toluene. [c] Personal
communication by J. Okuda.

Figure 3. Top: Contour maps of L(r) =�521(r) containing the bond
path (black solid line) in the Ti-N-C plane as obtained for the DFT-
optimized structure of 2 with a ]TiNCb angle of a = 101.18 (left) and
with a constrained to 858 (right). Values of 1(r) and 521(r) (square
brackets) at the critical points are given in e��3 and e ��5, respectively.
Bond critical points (*), ring critical points (&). Positive (solid) and
negative (dashed) contour lines are drawn at 0, �2.0 � 10n, �4.0� 10n,
�8.0 � 10n e��5 with n =�3, �2, �1; extra level at 191 e ��5. Bottom:
Envelope maps of L(r) (left) and ELF (right) in the valence region of
the Ti atom as obtained for the optimized geometry of 2.
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amido complex 2 and alkyl complex 3 can be classified as
agostic. However, the driving force behind this phenomenon
is different in both cases. Therefore, we suggest that agostic
interactions in amido and alkyl d0 complexes should be
discriminated from one another. Agostic interactions in alkyl
d0 complexes are driven by negative hyperconjugative
delocalization of the M�C bonding electron pair over the
alkyl backbone.[2c,f, 3c,12,18] The rather modest secondary M···H-
C interactions observed in each case are thus a consequence
of the agostic distortion rather than its primary cause.[2c] This
process is clearly reflected by an increased olefinic character
of the Ca

�Cb bond. In contrast, the p-character of the M�N
bond in the corresponding d0 amido complexes hinders such
hyperconjugative delocalization of the M�N bonding electron
pair. These systems display activated Na

�Cb bonds and might
thus represent model systems for catalytic reactions involving
the cleavage of the Na

�Cb bonds. This process may be driven
by the formation of imido complexes displaying strong M=N
bonds; for example, during the catalytic carboamination of
alkynes with imines.[19] Accordingly, our calculations show
(Figure 2a) that the Na�Cb bond lengths in 2 increase and
become more activated with decreasing ]TiNCb angles and
shorter M···H distances. These findings might therefore
explain why b-H elimination processes are hindered in late-
transition-metal amido complexes and are even unknown yet
for d0 amido complexes.
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