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In general, C—H bonds can be considered chemically inert as
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trace the microscopic control parameters of such C—H

activation processes by metal atoms in general.!l In partic- Olefin: ethylene (1a)

Alkyl: ethyl (2a)

ular, complexes containing side-on-coordinated (n?-CH)
moieties next to a transition metal are the focus of intensive
research as they allow the systematic study of the C—H
activation phenomenon in molecules and solids in their
electronic ground states. Furthermore, M--H—C interactions
(M = transition metal) play a key role in the performance of
several industrially relevant catalytic processes, such as olefin
polymerization.®

In the course of a systematic analysis of such M--H—C
interactions, Brookhart and Green coined the expression
agostic interactions to “discuss the various manifestations of
covalent interactions between C—H groups and transition-
metal centers in organometallic compounds”.**® In case of d°
early-transition-metal alkyl or amido complexes, the strength
of agostic interactions is mainly controlled by 1) the local
Lewis acidity of the metal center, 2) the extent of negative
hyperconjugative delocalization of the M—C/M—N bonding
electrons, and 3) to a smaller degree by o(M«—H—C) dona-
tion.’*¥ For agostic late-transition-metal complexes, how-
ever, the control parameters are less clear. We therefore
synthesized a variety of new Spencer-typel! nickel alkyl
cations 2b-d by protonation of the corresponding olefin
complexes 1b-d to study the nature of their pronounced
agostic interactions by combined experimental and theoret-
ical charge density studies (Scheme 1).

Re-examination of the classic Spencer-type complex

nbe (norbornene, 1b)
DCp (dicyclopentadiene, 1¢)
D[H1,Cp (1d)

nbeH (norbornyl, 2b)
DCpH (2¢)
D[H],CpH (2d)

Scheme 1. Protonation of the olefin complexes 1a—d yielding the
corresponding agostic alkyls 2a—d. D[H,]Cp =dihydrodicyclo-
pentadienyl.

showed a fast rotation of the B-agostic methyl moiety in
solution (AH* =(35.1+1.0) kJmol !, AST=(-16+
193) Jmol'K™!, E,=(37.0+1.0) kJmol™)® and a system-
atic crystallographic disorder in the solid state, thus prevent-
ing a detailed investigation of the bonding properties of this
agostic textbook example by experimental charge-density
studies. We therefore replaced the ethylene moiety in 1a by
the sterically more demanding norbornyl (nbe) and dicyclo-
pentadienyl (DCp) ligands. Protonation of 1b—d yielded the
agostic complexes 2b-d, which all have a significantly
reduced fluxional behavior in solution. Furthermore, single
crystals of excellent quality could be obtained for 2b—d, which
even allowed an experimental charge-density analysis of
2 c.[7a7c]

The 'HNMR signals of the agostic hydrogen atoms
(Table 1) in 2b-d do not shift significantly upon cooling, in
contrast to 2a.l! Thus, fluxional processes involving 1) the

[EtNi(drbpe)]|*[BF,]” (dbpe =rBu,PCH,CH,PrBu,) (2a) {Bu, R tBu, R tBu,
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Scheme 2. Possible dynamical processes of 2a—d in solution.

rotation of the f-agostic alkyl moiety and/or 2) a combined 3-
elimination/alkene rotation seem to play only a minor role in
our benchmark systems 2b-d (Scheme 2), if at all. The latter
process, however, appears to be important in case of agostic
platinum diphosphine norbornyl complexes, such as
[(nbeH)Pt(dtbpe)]"[BPh,]~ (4b), and to a lesser extent for
its Pd analogue 3b.”" In case of the agostic ethyl cations
[EtM(drbpe)]* (M =Ni (2a), M =Pd (3a), M =Pt (4a)), DFT
calculations confirm Spencer’s findings®™! that the cis ethene
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Table 1: Experimental and calculated 'TH NMR chemical shifts 6 ([ppm],
0 =0(TMS)—0 with 0°**(TMS) =31.59 ppm), diamagnetic (¢*) and
paramagnetic (6”) shielding contributions, and atomic charges Q" of
the corresponding agostic protons (see the Supporting Information).

XMCC,  dM—H) 0 o i O

[l [A] [ppm]  [ppm]  [ppm]  [e]
2af 74.5(3) 1.64(2) —5.75" — - -
DFTY 76.2 1.682 —3.78 28.16 7.21 —0.05
DFT4  75.0 1.634 —6.06 28.21 9.44 —0.05
DFTE 73.9 1.589 -9.59 2802 13.17 —0.05
2b 74.2(1) 1.64(4) —5.05 - - -
2c 74.92(3)  1.671(9) —5371 — - —0.01
DFT  74.96 1.653 —5.62 28.43 8.78 —0.04
2d 74.6(1) 1.72(3) —538 - - -
Torr  84.4 2.029 -1.30 29.25 3.64 —-0.10
5 84.4(1)  2.10# 270 - 0.13
DFTU  87.2 2.200 4.77 27.47 —0.65 —0.02
DFTM 85.1 2.110 5.10 27.64 -1.16  —0.03
DFT! 825 2.000 5.48 2800 —190 —0.04

[a] Ref. [5¢]. [b] At 183 K. [c—€] Relaxed PES scan with Ni—P,,,,=2.0,
2.156 (equilibrium geometry), and 2.4 A, respectively. [f] Average value
(two diastereomers in solution; individual values: —5.27/—5.46 ppm).
[g] Ref. [4c], [8a]. [h] Averaged signal owing to methyl group rotation.
[i] Ref. [8b,c]. [-I] Relaxed PES scan with a variable Ti—H distance of 2.2,
2.11 (equilibrium geometry), and 2.0 A, respectively.

hydride form is favored in case of the Pt complex 4a
(0.2 kcalmol ') versus the agostic structure, while the latter
is preferred by the palladium analogue 3a by 5.2 kcalmol ..
In case of 2a, the cis ethene hydride form does not even
represent an energetic minimum on the potential energy
surface (PES) but a transition state (14.8 kcalmol ™' above the
agostic equilibrium geometry), with the olefin moiety aligned
perpendicular to the NiP,H plane. The restricted fluxionality
of nickel complexes 2b—d versus the norbornyl Pd and Pt
complexes allowed the determination of the geminal %y
coupling constants (16.2-17.4 Hz) and the surprisingly large
2Jgp (30.0-31.1 Hz) coupling constants between the agostic
proton and the phosphorous nuclei in the trans position. This
result indicates the importance of the electronic influence of
the ligand trans to the agostic hydrogen atom as potential
control parameter of the strength of the metal-mediated C—H
activation.*!

Figure 1 shows the salient structural features of the d"
nickel olefin complex 1¢ in comparison with its protonated
form, the agostic d® nickel alkyl cation 2¢.**! Protonation
causes only a subtle elongation by 0.053 [0.058] A of the
olefinic C—C double bond. (Theoretical values obtained by
DFT calculations employing the scalar ZORA Hamiltonian
at the BP86/TZ2P level of approximation"¢ are given in
square brackets.) The short Ni—Hg bond (1.671(9) [1.653] A)
also classifies 2 ¢ as an agostic benchmark system close to the
cis ethene hydride form that represents the termination of the
B elimination pathway. Indeed, the observed and calculated
Ni—Hj bond lengths in 2 ¢ approach the characteristic values
of covalent nickel(IT) hydrides; for example, Ni—H 1.46(3) A
in [(’-CsMes)Ni(PEt;)H].”! Furthermore, the strength of the
Ni—H bond is reflected by a significant electron-density
accumulation at the Ni—Hj bond critical point (BCP) of
0.553(4) [0.569] e A3, which approaches the values at the Ni—

www.angewandte.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(¥

cs&.’ 501 éﬁ'_é .

C3a
(:4 [of:] 4 74.92(3)
. g . % 74.96
1.436(3 1 4886[7
1.439 1497 @)L 1.20(1)
1.982(2) 77 1.980(2) 1.9543(5) “u v, 1208
1.990 1.994 1.959 f 1.671(9)
Ni @ NS 1.653
2.1641(5) \;/' 2.1665(5) 2.1842(1) o 2.2250(1)
2.166 2.168 2176 2.226
: 93.356(5)
© 93002 @
P2 il P1 P2 & 93.816 Q p1

Figure 1. ORTEP representations (ellipsoids set at 50% probability) of
the d'° nickel olefin complex 1c and the protonated agostic d® cation
2c at 100 K. Salient bond distances [A] and angles [°] are shown;
theoretical values are given below the experimental values.

C, BCP (0.680(9) [0.735]eA~%), which is our internal
standard of a covalent nickel-ligand bond. However, the
1) large bond ellipticities ¢, 2) small negative value of the total
energy density H(r), and 3) high density accumulation also at
the ring critical point (RCP) inside the {NiC,CgHg} fragment
reveals that the remarkable covalent character of the Ni—Hg
bond has not been fully developed (Table 2).

Table 2: Selected topological parameters (o(r) [eA%], 72p(r) [eA~°], &,
H(r) [hartree A%, and G(r) /o(r) [hartreee']) at the bond and ring critical
points in the agostic {NiC,CgHg} fragment of 2c.

Unit o(r) vViot) e H(r.) G(r)/o(r)
Ni-C, Expt 0.680(9) 7.5(1) 078 —0.247 1.137
DFT  0.735 40 021 —0286 0.769
C—Cy Expt 1.77(2)  —12.6(1) 011 —2384 0.847
DFT  1.700 -12.7 012 —1.417 0309
C—Hp Expt 133(3) -51(1) 015 —1.407 0.789
DFT  1.387 -11.6 0.07 —1.157 0.251
HeNi  Expt  0.553(4) 6.2(1) 158 —0.154 1.069
DFT  0.569 6.3 0.96 —0.180 1.089
RCP Expt  0.533 6.3 - —0.134  1.080
DTF  0.507 6.5 - —0.105  1.098

As a consequence, both experimental and theoretical
charge density studies reveal a stable C;—Hg bond path, which
however shows a significantly diminished charge density
accumulation at its BCP of p(r)c y=133(3) [1.387]eA
(Table 2) relative to the weakly activated C—H bonds
displayed by our agostic reference systems of early-transi-
tion-metal alkyl compounds (for example [EtTiCly(dmpe)]
(5;  dmpe=(CH;),PCH,CH,P(CH;),);  p(r)c-n=1.54(5)
[1.685] ¢ A~3). 1+

The same conclusion also holds for so-called lithium
agostic systems (for example in [{2-(Me;Si),CLiCsH,N},] (6),
(1) =1.71(6) [1.770] e A~3)*** where the M-~-H—C bond-
ing can be considered as a secondary, weak electrostatic
interaction. As a surprising result of the dramatically reduced
density accumulation in the Cg—H; bonding region of 2¢, we
could freely refine the respective Cg—Hj bond distance of
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1.20(1) A, in good agreement with the DFT calculations
[1.205 A], simply by considering the dipolar polarization of
p(r) of the agostic hydrogen atom by its bonding partners (Ni
and Cg) in the multipolar model.

Accordingly, 2¢ complements the small series of C—H
agostic benchmarks characterized by experimental charge-
density studies (5 and 6) and can be employed to validate the
numerous theoretical studies in this field. In this respect 2¢
and 5 are characteristic test beds for agostic systems display-
ing either strongly (late-transition-metal alkyls) or moder-
ately (early-transition-metal alkyls) activated C—H bonds,
while the main group alkyl 6 shows the characteristic features
of systems establishing merely electrostatic M---H—C contacts.

The need for a classification/discrimination of agostic
interactions is also supported by our experimental and
theoretical NMR studies (Table 1). For the calculation of
chemical shifts and shielding contributions with the ADF
NMR property program, the spin—orbit ZORA-Hamiltonian
at the hybrid PBEO/TZ2P level of approximation was
employed." Thus, the calculated isotropic shielding values
consist of three contributions: the diamagnetic (o), para-
magnetic (o°), and spin-orbit (¢*°) term. As the ¢*° contribu-
tion is usually small, we only report the sum o” = o” + 0% (for
individual values, see the Supporting Information). We
previously pointed out that agostic d° transition-metal alkyls
such as 5§ or amido complexes are not necessarily character-
ized by an upfield shift of the '"H NMR signal of the agostic
protons.¥ This fact is in conflict with the general presump-
tion that agostic protons are significantly shielded as a
consequence to their proximity to the metal center and
their partial hydridic character. Accordingly, the assumed
gain in electron density owing to agostic interactions should
result in an increase of 0, corroborated by an upfield shift of
the '"H NMR signal. This generally accepted assumption is,
however, not supported by any our detailed experimental and
theoretical charge density analyses and NMR spectroscopy
studies. Indeed, the atomic charges (Qapy) of all our model
systems in Table 1 show a rather small variation of roughly
—0.1< Q%" m<0.1e, in line with a correspondingly small
change of the computed ¢ values in 2a-7. Accordingly, the
expression “hydridic shift”, which is often used to correlate
the chemical shifts with the charge density accumulation at
the metal bonded hydrogen atoms, appears to be misleading
in the case of agostic hydrogen atoms. Analysis of the
individual contributions to the isotropic shielding 0 = ¢ + ¢
shows that the '"HNMR chemical shifts for the agostic
protons depend mainly on the sign and magnitude of ¢”.

Interestingly, the magnitude and sign of o does not
depend on the presence or absence of free d electrons, as
exemplified by the large o® values for our cationic d’ model
system [EtTiCl,]" (7) (0%, =+ 3.64 ppm) and its correspond-
ing d®* system [EtNi(d'bpe)]" (US;IC =+9.44 ppm), while the
neutral d° benchmark 5 has a negative agk value
(—1.16 ppm), in line with a downfield 'H shift and the
observation of a negative isotopic perturbation of resonance
(TPR) in experimental NMR spectroscopy studies.™! Subse-
quent detailed analyses of the calculated chemical shifts of the
agostic proton in 2a reveal an interesting trans influence: a
subtle and stepwise weakening of the Ni—P bond trans to the
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agostic proton is paralleled by a subtle shortening of M—H
distances and a large upfield shift of the "H NMR signal of the
agostic proton (Table 1). The charge at the agostic hydrogen
atoms remains rather invariant upon this geometrical change
and the same is consequently true for the diamagnetic
shielding contribution. Indeed, our studies show that the
upfield shift in 2a is due to the pronounced increase of o
(Table 1). It might be supposed that it is the metal-to-
hydrogen distance that mainly controls the sign and magni-
tude of the o contribution. However, the results depicted in
Table 1 clearly rule out this simple assumption. Indeed, the
early-transition-metal d’ complex 5 shows the reverse trend
and has a downfield shift upon shortening the Ti--H distance.
The same trend has been also observed in an earlier study of
agostic early-transition-metal amido d’ complexes.*s! In the
molecular orbital (MO) picture paramagnetic shielding
originates from a mixing of ground and excited states in the
presence of the applied external magnetic field. It is therefore
not surprising that the prediction of sign and magnitude of o
usually warrants detailed MO analyses.!'”)

In case of agostic d” type complexes, we noted already that
the local Lewis acidity of the central metal atoms plays a
crucial role in the C—H activation step and might also
influence the "H NMR spectroscopic properties of the agostic
proton.”! As a consequence of the covalent Ni—C, and Ni—Hjg
interactions in the agostic Ni d* systems 2a-d, the Ni(d. ,.)
orbital (which is involved simultaneously in both interactions)
becomes significantly depopulated relative to the other
d orbitals (for a definition of the coordinate system see
Figure 2a). This effect is supported by the relatively small
P(d._,.) population of only 1.62(2)e derived from our
experimental multipole model (see the Supporting Informa-
tion). As a consequence, the fine structure of the negative
Laplacian of the charge density, —v/°o(r)=L(r), of 2¢
displays four pronounced charge-depletion (CD) zones in
the valence shell charge concentration (VSCC) of the nickel
atom along the local x,y coordinate axes. As the four CD
zones (denoted CD1-4 in Figure 2a) in the charge-density
picture are directly connected with the depletion of the metal
d,._,» orbital in the MO picture, the angle between these CD
zones is constrained and dictates the position of all ligand
atoms in a key-and-lock scenario. Indeed, the metal-directed
VSCC of each ligand L atom faces one of the four CD zones
(representing a local Lewis acidic center) at the metal atom
(Figure 2a). Analysis of the molecular orbitals of the [EtNi]*
cation shows that the depletion of the d,. ,. orbitals is a
consequence of the Ni—L s back-donation (HOMO—4 in
Figure 2b). Owing to the symmetry restraints imposed by the
nodal plane (which is oriented perpendicular to the molecular
plane and parallel to the Ni--C; vector), HOMO—4 contrib-
utes simultaneously to covalent Ni—C,, C,—C, and Ni—Hg
bonding. The agostic interaction is further established by
additional Ni«—L 5t (HOMO—6) and ¢ donation (HOMO-7).
Accordingly, the bonding in f-agostic late-transition-metal
complexes can be considered in terms of an adopted Dewar—
Chatt-Duncanson (DCD) model. The additional Ni—L =«
donation (which complements the o-donation and m-back-
donation component in the classical DCD model for olefin
complexes) reflects the increased functionality of [3-agostic
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HOMO-4: Ni 5 L

HOMO-7: Ni & L

” T
HOMO-6: Ni « L

Figure 2. a) Experimental contour map of L(r) = —</2o(r) and bond
paths (black solid line) in the agostic {NiC,CsHs} moiety of 2c.
Positive (solid) and negative (dashed) contour lines are drawn at 0,
+2.0x10", £4.0x10", £8.0x10" eA~® with n==+3, +£2, +1, 0; one
contour level deleted (800 e A°); extra level at 30 and 1100 eA°.
b—d) Multicenter molecular orbitals in the [EtNi]" cation (isodensity
map at 0.05 a.u.) establishing the Ni—L 7 back-donation, Ni«—L

7 donation, and Ni—L o donation, respectively (L=alkyl unit). The
inner lobes are given schematically to clarify the salient atomic orbital
contributions.

alkyl ligands by involving the -H atom in the ligand-to-metal
bonding.

In the next step of our analysis, we outline that the
different bonding scenarios in the MO description of early
and late-transition-metal complexes should be reflected by
different VSCC patterns at the metal atoms. We also show
that these experimentally observable differences in the VSCC
topology can be correlated with the magnitude and sign of the
o” contribution at the agostic proton. Indeed, inspection of
the VSCC pattern of our model systems 2¢, §, and 7 reveals a
clear topological trend (Figure 3a—c): large upfield shifts of
the agostic proton are only observed in a topological scenario
where the M--H bond path approximates a local charge
depletion, a (3,4 1) critical point (CP) at the metal center
(2a-d; Figure 3a). The reverse scenario is found for our d’
benchmark complex 5§ where the computed Ti--Hg atomic
interaction line is close to a local charge concentration, a
(3,—3) CP (Figure 3c¢). In line with our hypothesis, a down-

-3) |b 7 =
a) c.:uﬁ z(s,:: ) 1] LGn[e “ﬁ' “ﬁ‘;)
= o | as
(3’+1) (3s'1) 9™
2¢ @1012]7 = gossls = gon

Figure 3. Envelope maps of L(r) of 2c (a), 7 (b), and 5 (c) at the
corresponding metal atoms (the distance vectors towards the C, and
Hpy atoms are marked by arrows; values are in given in eA’S).
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field shift of the agostic proton is experimentally observed
and predicted by DFT.[® The theoretical model system 7 also
follows this trend and marks an intermediate case between
strong (2a-d) and weak agostic interactions (5). Indeed, in 7
the Ti---H bond path is close to a saddle point, a (3,—1) critical
point in the L(r) maps, while the C;—Hj moiety is still facing a
charge depletion zone. Accordingly, DFT predicts an upfield
shift of the agostic proton (—1.3 ppm) and a Cg—H; bond
activation (ca. 0.06 A), which are both intermediate between
5 (ca. +5.1ppm and 0.03 A, respectively) and 2a-d (ca.
—5.5ppm and 0.1 A, respectively).!"]

In summary, our experimental charge-density analyses
reveal significant differences between the nature of [3-agostic
bonding in early- and late-transition-metal complexes. These
results are supported by MO analyses showing that the -
agostic phenomenon in d” complexes can be described by one
molecular orbital that accounts for the hyperconjugative
delocalization of the M—C, bonding pair over the [3-agostic
alkyl backbone and the establishment of secondary M:-H
interactions.l**¥ In case of d"-configurated complexes of late-
transition-metal complexes, however, 3-agostic interactions
can be described in terms of an adopted Dewar—Chatt—
Duncanson model. This model suggests three bonding
components in case of our d® nickel alkyl reference systems:
1) Ni—L = back-donation, 2)Ni<—L m donation, and
3) Ni«L o donation. Accordingly, the 'H NMR spectroscop-
ic properties of the agostic proton in the d’ and d" systems
differ clearly and can be correlated with the local topology of
the valence shell charge concentration of the respective
transition-metal centers. We showed that only in cases where
the agostic hydrogen atom is facing a local Lewis acidic center
(charge depletion zone) at the metal atom, large upfield shifts
and highly activated Cz—H;; bonds are observed. We further
clarified that the commonly used term “hydridic shift” to
explain the upfield shift of agostic protons is misleading and is
not necessarily correlated with the atomic charge at the
agostic hydrogen atom.
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