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a b s t r a c t

This review describes how the joint experimental and computational study of a series of nio-
bium(tris(pyrazolyl))(chloride)(alkyne)(alkyl) complexes has unearthed a very rich chemistry involving
a variety of agostic interactions between the alkyl chain and the niobium centre. � and � C H agostic,
vailable online 7 August 2008

eywords:
gostic interactions
iobium complexes
ensity functional theory

as well as � C C agostic coordination, have been observed, in some cases in dynamic equilibrium within
the same complex. The application of experimental and computational (DFT and DFT/MM) techniques
reveals the subtle interplay of steric and electronic interactions that control the relative stability of these
species. This analysis also sheds light on the electronic origin of agostic distortions in early transition
metal centres.

t
c

d
o

ensity functional theory/molecular
echanics

. Introduction

The precise nature of the interaction between a C H group and a
etal atom has been the centre of lively debate ever since the term

agostic bonding’ was coined by Green in 1983 [1,2]. An ‘agostic

nteraction’ is one where a C H bond on an appended hydrocarbon
igand is brought into close proximity to the metal centre through a
istortion of the ligand. The C H bond in question can, in principle,
e sited on an �-, �-, �-, �- or even more remote carbon centre, but

∗ Corresponding author at: Institute of Chemical Research of Catalonia (ICIQ),
vgda. Països Catalans, 16, 43007 Tarragona, Spain.
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he discussion in this review will be restricted to the �- and �-CH
ases shown in Chart 1.

The position of the hydrogens is obviously the most direct evi-
ence for the presence of an agostic interaction, but the location
f these light atoms by X-ray crystallography is problematic. X-ray
rystallography measures the electron density, and the positions
f nuclei are deduced from the electron density plot, the under-

ying assumption being that the maxima in electron density are

efined by the core electrons, which in turn are coincident with
he nucleus. This argument is not, however, valid when dealing with
n atom with no core electrons (hydrogen), especially when it lies
lose to transition metal atoms with high electron densities. As a
esult, attention has been focussed largely on the structure of the

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
dx.doi.org/10.1016/j.ccr.2008.07.016
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simple analysis of the electronic structure leads us to anticipate that
Chart 1. �- and �-CH agostic alkyls.

lkyl backbone: a �-CH agostic structure is best characterized in
he solid state by a distortion of the alkyl group such that the angle

C� C� is significantly less than the standard value of 109.5◦

or an sp3 hybridised C� carbon. The C� C� bond is also typically
omewhat shorter than those in a saturated hydrocarbon, indicat-
ng some double character, particularly for late transition metal
omplexes. All these features are consistent with the view that the
gostic interaction maps out the early stages of �-hydride transfer,
hich would lead ultimately to a metal olefin hydride structure.

he �-CH agostic distortion naturally requires some rearrangement
f the metal coordination sphere to accommodate the presence
f an additional ligand (the �-CH bond), and in cases where the
oordination sphere is already crowded, �-CH structures may be
dopted instead (Chart 1). This class of agostic complexes is partic-
larly common for early transition metals in the absence of �-CH
ydrogens. In contrast to their �-agostic counterparts, the charac-
eristic geometric feature of an �-agostic complex is an opening
f the M C� C� angle, sometimes to very obtuse values and a
hortening of the M C� bond.

Given the problems associated with locating the hydrogen
toms, the most reliable method to assign an agostic structure, at
east for soluble complexes, is its NMR spectrum, although analysis
s often complicated by dynamic processes. Whatever the position
f the metal in the transition series or the type of agostic distortion
�- or �-CH), a lowering of the coupling constant 1JCH correspond-
ng to one of the 13C 1H bonds is observed. The lowering is most
mportant for �-CH structures: values from 110 Hz (�-CH) down
o 35 Hz (�-CH) can be observed, compared to an average value of
20–130 Hz for a saturated alkyl group. �-agostic protons and car-
ons are usually also shielded in late transition metal complexes
although much less dramatically in early transition metal com-
lexes) while �-agostic carbons are usually deshielded in early
ransition metal complexes.

The donation of the electrons in the C H � bond to the metal
entre [3] in a 3-centre-2-electron model [4] is the textbook
xplanation for this phenomenon, although the resemblance to
2-coordinated diatomic ligands such as H2 has encouraged spec-
lation that back-donation into the C H �* orbital may play a
ole [5,6]. The abundance of agostic complexes of transition met-
ls with a formal d electron count of zero does however suggest
hat back-donation cannot be the dominant mechanism in all cases.
he earliest theoretical studies of agostic bonding using Extended
ückel theory suggested that overlap between metal and C H �
rbitals was indeed significant in �-CH agostic complexes, offering
upport for the 3-centre-2-electron model [7]. In contrast, sharing
f electron density between the hydrogen and the metal appears
o be negligible in the �-agostic analogues, and Eisenstein instead
roposed that the short M· · ·H separation was caused by a cant-

ng of the alkyl group in order to optimise the strength of the
C bond [8,9]. Over the past decade, qualitative theoretical mod-

ls such as Extended Hűckel theory have largely been replaced by

ensity functional theory (DFT), which offers chemically accurate
otal energies. Perhaps most significantly, the facility to optimise
tructural parameters with a high degree of accuracy has allowed
ydrogen atoms to be located with some confidence – so-called

a
b
w
d

ry Reviews 253 (2009) 635–646

omputational crystallography [10]. In parallel, the development
f analysis tools such as quantum theory of atoms in molecules
QTAIM) [11] has encouraged several groups to re-assess the nature
f the agostic bond. Within the QTAIM model, the presence of a
ond critical point (BCP) is defined as a point between two nuclei
here the gradient of the electron density vanishes [11d]. It has

een proposed that the existence of such a BCP is a necessary and
ufficient condition for the existence of a chemical bond between
he two atoms concerned, although this definition has been ques-
ioned by a number of authors who have located such critical points
etween atoms which clearly do not share a chemical bond, at

east in the sense commonly understood by chemists [12]. In the
ontext of agostic complexes, Popelier has described the topol-
gy of the electron density in the archetypal �-agostic bond in
(C2H5)TiCl2]+, and argued that the presence of a BCP between the

etal and the � hydrogen is indicative of a �-C H agostic bond
13]. It is not clear, however, whether this argument can be gen-
ralised, because Scherer and co-workers have shown, for a series
f d0 metal alkyls, that the appearance of a BCP between metal
nd the � hydrogen is highly dependent on the chosen computa-
ional methodology [14,15]. Moreover, it seems clear that no such
ritical point is ever present in �-C H agostic bonds [16,17], sug-
esting that they may have a fundamentally different origin from
heir � counterparts. Indeed, Dobado and co-workers have argued
hat the term �-agostic ‘bond’ should be avoided, and replaced
ith ‘�-agostic geometry’. Thus it seems that early transition metal

gostic bonds are fundamentally different from their late transition
etal analogues, and, moreover, that �-agostic bonds are funda-
entally different from their �-agostic counterparts [18]. In view

f the difficulties in pinpointing the origin of an agostic bond, a more
ragmatic definition is generally adopted, based on their structural
onsequences. For example, Scherer et al. proposed the working def-
nition that ‘agostic interactions are characterised by the distortion of
n organometallic moiety which brings an appended C H bond into
lose proximity with the metal centre’ [14]. In summary, although
he manifestations of an agostic interaction have been known for
lmost 40 years, the driving force that lies behind the distortions
emains poorly understood, and a number of complementary views
ave emerged in recent years. In this review we summarise our
fforts over the past decade to understand the nature of agos-
ic bonding in one particular class of system, the niobium alkyl
omplexes TpMe2NbCl(R′C CR′′)(R) [19–24]. We also draw compar-
son with models proposed by other authors for early transition

etal complexes, and argue that one common theme emerges: the
tructural distortion is not driven exclusively by direct interactions
etween C H bonds and the metal centre, and reorganisation of
he rather ionic metal-carbon bond can also play a role. The facial
pMe2M fragment provides a unique platform for agostic interac-
ions, and leads to an unprecedented wealth of agostic behaviour
ithin a closely related series of complexes. The niobium com-
lexes TpMe2NbCl(R′C CR′′)(R) clearly meet one of the principal
riteria for agostic bonding, in so much as they are electron defi-
ient (16e) species. The formal d2 configuration of the Nb(III) centre
eans that one of the three low-lying orbitals on the metal (related

o the octahedral t2g set) is occupied, leaving two vacant orbitals
hich can, at least in principle, accept electron density from a

igand-based electron pair. However, as shown in the diagram in
ig. 1, one of these orbitals (dxz in the figure) is poorly oriented to
nteract with the Nb–C� bond, leaving only the Nb–Cl �* orbital
dx2−y2 in the figure) to accommodate an agostic interaction. This
gostic distortions will tend to force one substituent on the � car-
on into the region of space bisecting the Cl–Nb–C� angle (which
e refer to as the ‘agostic position’). Moreover, donation of electron
ensity from the C H bond into the metal will be in direct competi-
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ig. 1. Qualitative orbital diagram for TpNbCl(R′C CR′′)(R) complexes. Only orbitals
elated to the octahedral t2g set are shown.

ion with Nb Cl � bonding, suggesting that the Nb Cl bond length
hould be an indirect but sensitive probe of the agostic bond. In
rinciple, then, any alkyl complex can adopt three distinct agostic
onformations, differing only in the torsion angle about the Nb C�

ond. For example, in the case of the isopropyl complex (Fig. 2),
otation of the alkyl moiety generates three distinct rotamers, A,

and C, which feature �-, �- and �-agostic alkyl interactions,
espectively. In cases where both �- and �-CH bonds are avail-
ble, �-agostic structures are almost always preferred over their
-agostic alternatives, suggesting that electronic factors favour the

ormer. The unique feature of the TpMe2NbCl(R′C CR′′)(R) system
Me2
s the presence of pendant methyl groups on the Tp ligand,

hich define a tight steric pocket on the opposite face of the metal.
s a result, there is a substantial barrier to rotation about the
b–C� bond, and isomers differing only in the torsion angles about

his bond can form distinct well-defined minima on the potential

T
s

o
e

Fig. 2. Crystal structure of TpMe2NbCl(PhC CMe)i-Pr (rotamer A) and the rela
ry Reviews 253 (2009) 635–646 637

nergy surface. In the case of secondary alkyls, this allows �- and
-CH agostic isomers to co-exist in dynamic equilibrium in solu-

ion, providing a unique opportunity to compare the two types of
ond in an otherwise identical chemical environment. For example,

n the isopropyl case shown in Fig. 2, rotamers A and B are in equi-
ibrium in solution, but rotamer C is absent. The analysis of agostic
ehaviour in terms of these three rotamers is one of the foundations
f this work, and will be used on several occasions in the following
iscussions.

Our work has involved a close interplay between synthesis,
tructural and spectroscopic characterization and analysis using
ensity functional-based computational methods. In this review,
e first summarise the experimental data for a broad range of com-
lexes, where R can be either a cyclic or acyclic alkyl. We then
eport our efforts to understand these systems using theory, and
llustrate how improvements in methodology over the past decade
ave allowed our model of agostic bonding to evolve.

. Experimental data

In this section, we summarise the structural and spectroscopic
ata that constitute the foundation of this work. The results are
rganised according to the structure of the alkyl ligand, starting
ith simple primary and secondary alkyls and ending with their

yclic analogues. In this way, the complexity is seen to emerge
ogically as a function of chain length and structure.

.1. Primary alkyl complexes

Despite their formally unsaturated nature, linear alkyl
omplexes of the type TpMe2NbCl(n-CnH2n+1)(R1C CR2) (n-
nH2n+1 = CH2Me, CH2CH2Me, CH2CH2CH2Me) (R1, R2 = Ph, Me,
H2Me, CH2CH2Me, CF3, H) (Chart 2), readily prepared from

p NbCl2(R1C CR2) and the appropriate Grignard reagent, are
table species at room temperature [19a].

The most immediately striking feature of the X-ray structures
f TpMe2NbCl(CH2Me)(PhC CCH2Me) (the archetype with a lin-
ar alkyl ligand) and TpMe2NbCl(CH2SiMe3)(PhC CMe) (Fig. 3) is

tionship between the rotamers (A–C) (viewed along the Nb–C� bond).
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Chart 2. �-CH agostic primary alkyl complexes.

hat both have an �-CH agostic distortion, despite the availability
f alternative � (CH2Me) or � (CH2SiMe3) hydrogens. This offers the
rst indication that the TpMe2 ligand exerts a significant influence,
verturning the usual preference for �-agostic structures over their
-agostic counterparts. The orientation of the ethyl and CH2SiMe3
hains away from the metal centre along a channel defined by two
imethylpyrazolyl groups is also common to both structures, and
s a direct result, one of the two methylene hydrogens is forced into
he ‘agostic position’ bisecting the Cl Nb C� angle. This analysis
herefore suggests that the preference for an �-CH agostic interac-
ion might be a consequence of the ethyl orientation rather than
ts cause. In the case of the CH2SiMe3 ligand, where data were of
ufficient quality to allow location of the hydrogens, a distinct dis-
ortion at the �-carbon brings one hydrogen significantly closer to
he metal centre than the other (Nb-C�-H 84(4)◦, Nb· · ·H 2.29(6) Å;
b-C�-H 113(3)◦, Nb· · ·H 2.67(4) Å). The rather short Nb–Cl bond

ength of 2.4247(8) Å (cf. values of∼2.49 Å for the �-agostic systems,
ide infra) does, however, suggest that whatever the nature of the
nteraction between metal and �-hydrogen, it does not weaken the
b–Cl � bonding to the same extent.
The NMR spectra of these systems confirm that the preference
or an �-C H agostic structure persists in solution, and data for the
thyl complex TpMe2NbCl(n-CH2CH3)(PhC CMe) serve to illustrate
he diagnostic features of an �-C H agostic interaction noted in the
ntroduction: in the 1H NMR spectrum, the ethyl protons appear as

w
w
d
s
J

Fig. 3. Plots of the X-ray molecular structures of TpMe2NbCl(CH2Me)(Ph
ry Reviews 253 (2009) 635–646

n AM3X type spectrum with � 3.84 (dq, 1H, J = 12.8, 7.8 Hz), 1.15
dd, 3H, J = 7.8, 6.1 Hz), 0.37 (pseudo sextet, 1H, J = 12.8, 6.1 Hz). The
arge difference in the chemical shifts of the diastereotopic methy-
ene protons is remarkable, with the agostic proton being shielded

hereas its diastereotopic companion is deshielded. In the 13C NMR
pectrum, the niobium bound carbon Nb–C� is a deshielded dou-
let of doublets with ı 86.5 (dd, 1JCH ≈ 108, 129 Hz). This lowering of
JCH for the agostic CH bond is by far the most diagnostic signature
f �-CH agostic bonding [1,2].

The accumulated structural and spectroscopic evidence for
hese primary alkyl complexes therefore clearly identifies them
s rare cases where an �-CH agostic interaction is preferred
ver an apparently accessible �-CH agostic alternative. We have
nticipated the role of pendant methyl groups in imposing this
nusual situation, and we will use theory to analyse its origins

n detail in the subsequent section. However, immediate exper-
mental support for the critical role of the steric environment
omes from the analogous reaction of ethylmagnesium chloride
ith the hydrotris(pyrazolyl)borate complex TpNbCl2(PhC CMe),
here the pendant groups are absent. The addition of one equiv-

lent of ethylmagnesium chloride to TpNbCl2(PhC CMe) at low
emperature [25] gives an orange solution characteristic of the
pMe2NbCl(alkyl)(alkyne) complexes described above. However,
he solution rapidly turned brown, and NMR analysis of the reac-
ion mixture revealed extensive decomposition. The contrast with
he TpMe2 analogue, which is stable under similar conditions, is
triking: presumably the absence of steric hindrance in the Tp
ystems allows a �-CH agostic interaction to develop, ultimately
eading to decomposition via �-H elimination. The strength of the
gostic bond is also sensitive to other changes in the coordina-
ion sphere, and indeed replacing Cl by the better �-donor OMe
n TpMe2Nb(OMe)(CH2Me)(PhC CMe) weakens the �-C H agos-
ic interaction. In the 13C NMR spectrum, C� appears as a triplet

ith JCH = 116 Hz rather than a doublet of doublets down to 183 K,
hile in the 1H NMR spectrum, the chemical shift difference for the
iasterotopic methylene protons shrinks to 1.09 ppm with pseudo
extets for NbCHHMe (ı 1.60, J = 14.0, 7.0 Hz) and NbCHHMe (ı 2.69,
= 14.0, 7.0 Hz) [19b].

C CCH2Me) (left) and TpMe2NbCl(CH2SiMe3)(PhC CMe) (right).
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.2. Acyclic secondary alkyl complexes

The notion that steric interactions might play a decisive role in
rienting the chain and hence promoting the �-CH agostic inter-
ction in primary alkyl complexes prompted us to explore their
ulkier secondary alkyl analogues [20,21]. We first focussed on the
implest secondary alkyl group, i-Pr, and then turned to the sec-
utyl analogue, where the chirality at both the niobium centre and
he � carbon results in the isolation of two distinct diastereomers,
abelled AR-CS and CR-AS. The X-ray crystal structures of all three
omplexes are shown in Fig. 4.

The most striking structural feature is that all three adopt
-CH agostic structures, in stark contrast to the �-agostic
tructures adopted by their primary alkyl complexes ana-
ogues. The agostic group again lies in the C� Nb Cl plane,
nd the �-agostic interaction is characterised by short Nb C�
istances [2.608(4) Å − 2.789(5) Å] and small Nb-C� C� angles
87.0(3)◦ − 95.3(3)◦]. The C� C� bond (ca 1.48 Å) for the agostic
-carbon is also significantly shorter than that for the non-agostic
-carbon (ca 1.52 Å) in all three cases, indicating some double bond
haracter. The adoption of a �-agostic structure necessarily brings
rather bulky methyl or ethyl group into the niobium coordination

phere, and this has a significant impact on the rest of the structure,
ost notably the Nb Cl bond lengths which, at ca 2.49 Å, are some

.07 Å longer than those in the �-agostic analogues shown in Fig. 3.
his contrast suggests a fundamental difference between �-CH and
-CH agostic interactions – the latter appear to weaken the Nb Cl
ond to a far greater extent than the former. We will return to this

mportant point in subsequent sections.
The NMR spectroscopy of the isopropyl complex, along with one

f the two diastereomers of the sec-butyl complex (AR-CS), proved
o be quite remarkable – both show clear evidence for an unprece-
ented equilibrium between the dominant �-CH agostic rotamer
observed in the solid-state), A in Fig. 2, and a minor �-CH agos-
ic rotamer, B (Chart 3). The presence of a dynamic equilibrium
etween �- and �-CH agostic structures is quite remarkable, and

as, to the best of our knowledge, only been observed in one other

nstance – a tantalum complex where the thermodynamic param-
ters were quite different [26]. The detailed analysis of the spectra
eading to either �-CH or �-CH assignments can be found in the
riginal paper [21].

t
i
�
�
C

ig. 4. Plots of the X-ray molecular structures of (a) TpMe2NbCl(i-Pr)(PhC CMe), (b) AR-C
ry Reviews 253 (2009) 635–646 639

The putative third rotamer, C, with the �-hydrogen in the
edge and a methyl group in the C� Nb Cl plane was not
etected. The equilibrium constant at 193 K, K193, is 4.0, indicat-

ng that the �-CH agostic rotamer A is favoured, and analysis of
he temperature-dependence of this equilibrium indicates that the
rigin of this preference is enthalpic (�H0 = −7.4 kJ mol−1) rather
han entropic (�S0 = −27 J mol−1K−1). The spectroscopic proper-
ies of the AR-CS diastereoisomer of TpMe2NbCl(sec-Bu)(MeC CMe)
re remarkably similar to those of the isopropyl complex,
gain indicating the presence of an equilibrium between �-
H and �-CH-agostic rotamers (Chart 3). In stark contrast,
he other diastereoisomer, CR-AS-TpMe2NbCl(sec-Bu)(MeC CMe)
hows no evidence of any dynamic behaviour, and only the
-agostic structure observed in the solid state is present in
olution.

In the discussion of the primary alkyl complexes, we noted
hat in each case the bulkiest substituent on the �-carbon was
irected along a channel between two of the pendant methyl
roups of the TpMe2, thus minimising any steric clash. Further-
ore, we argued that the driving force favouring this orientation

utweighs the intrinsic electronic preference for �-agostic interac-
ions, thus enforcing the �-agostic alternative. Although �-agostic
tructures dominate in all three secondary alkyl systems, their
ynamic behaviours clearly reflect this competition between steric
nd electronic effects. In the i-Pr case, both �- and �-agostic
otamers (A and B) satisfy the steric requirements by placing a
ethyl group in the sterically least demanding position along the
edge. This then leaves a choice of H or CH3 groups to occupy

he agostic position bisecting the C� Nb Cl angle, and the pres-
nce of both in solution suggests that precise nature of the agostic
nteraction is less important, in energetic terms, than the steric
emands. Consistent with this, the putative third rotamer, which
ould place the smallest substituent (H) at the � carbon along

he wedge, thereby introducing unfavourable steric clashes else-
here, is not observed. In the AR-CS diastereoisomer of the sec-Bu

omplex, the most favourable situation in terms of sterics, with

he largest substituent at the �-carbon (CH2CH3) in the least ster-
cally demanding position along the wedge, necessarily places the
-C H group in the agostic position. The electronically favoured
-C H agostic structure, in contrast, necessarily places the smaller
H3 group along the wedge, and so the position of the equilibrium

S-TpMe2NbCl(sec-Bu)(MeC CMe) and (c) CR-AS-TpMe2NbCl(sec-Bu)(MeC CMe).
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Chart 3. Equilibria between agostic

eflects a compromise between steric and electronic driving forces.
n contrast, the �-agostic structure of the CR-AS diastereoisomer
nvolves no such compromise: the adoption of an electronically
avourable �-agostic structure naturally aligns the large CH2CH3
roup along the wedge, so steric and electronic requirements are
atisfied simultaneously. As a result, both alternative rotamers
B and C) are strongly destabilised, and neither is observed
xperimentally.

In the previous paragraphs we have concentrated solely on
he thermodynamic aspects of the exchange of �- and �-agostic
somers, but spin saturation transfer experiments at different
emperatures also provide access to kinetic parameters for the
nterconversion of the �-CH and �-CH agostic rotamers, and
igh barriers are observed for both TpMe2NbCl(i-Pr)(MeC CMe)
�H‡ = 58.8 ± 2.5 kJ mol−1, �S‡ = 59 ± 10 J mol−1K−1) and for AR-
S-TpMe2NbCl(sec-Bu)(MeC CMe) (�H‡ = 56.0 ± 2.5 kJ mol−1,

S‡ = 75 ± 10 J mol−1K−1). The positive entropies of activation

oint to a less ordered transition state in which the agostic
nteraction is lost (i.e. a dissociative process), and the enthalpy
f activation �H‡ of ca 60 kJ mol−1 defines an upper limit for the
trength of these agostic interactions [21].

a
a
T
a
N

ers in secondary alkyl complexes.

.3. Cyclic (secondary) alkyl complexes

Cyclic ligands are in principle simply secondary alkyl groups,
he major difference between them and their acyclic counterparts
eing the reduced conformational freedom of the two substituents
t the � carbon as a result of their position in a ring. For ring sizes
etween C4 and C6 [TpMe2NbCl(c-CnH2n−1)(MeC CMe) (n = 4, 5, 6)]
23–25], the situation is in fact rather similar to the i-Pr and sec-
u cases, with an equilibrium between �- and �-agostic rotamers
gain established in solution. The speciation in solution is, however,
ubtly different, with the �-CH agostic rotamers dominating in all
hree cases. This preference also extends to the solid state, where
-ray data confirm the presence of an �-agostic interaction: the X-
ay structure of a representative example, the cyclopentyl complex
pMe2NbCl(c-C5H9)(MeC CMe) (Fig. 5) shows the short Nb–C� and
b–Cl bonds (2.174(4) and 2.430(1) Å, respectively) typical of the �-

gostic structures of the primary alkyls. The (located and refined)
gostic hydrogen lies in the Cl Nb C� plane, 2.21(4) Å from Nb.
he C� C� C�′ angle of 104.4(4)◦ is virtually equal to other C C C
ngles within the ring indicating no distortion around C�. The 1H
MR spectrum confirms the presence of a vastly dominant �-CH
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Fig. 5. Plots of the X-ray molecular structures of TpMe2NbCl(c-C

gostic rotamer (a shielded signal at ı −0.93 correlates with a 13C
MR doublet at ı 135.8 with 1JCH = 93 Hz). The cyclohexyl complex
pMe2NbCl(c-C6H11)(MeC CMe) also shows dynamic behaviour in
olution, with a major �-CH agostic rotamer in equilibrium with a
econd isomer (K183 = 11.0) which may or may not be �-CH agos-
ic. The thermodynamic data therefore suggest that although the
-agostic rotamer dominates in all cases, its stability relative to the
-agostic rotamer decreases as the ring size increases. The struc-

ures of the �-agostic rotamers of the secondary alkyls (Fig. 4) offer
n important clue to the origin of the difference between acyclic
nd cyclic complexes. In the i-Pr structure, one methyl group is
xed in place by an agostic interaction while the other is locked by
he steric bulk of the pendant methyl groups, and this simultane-
us locking of both groups forces the C� C� C� angle to open up
o 119◦. In the �-agostic rotamers, in contrast, only one of the two

ethyl groups is locked in place (by the pendant methyl groups),
nd so the C� C� C� angle is not required to open up to the same
xtent (there are no X-ray data available for the �-agostics to con-
rm this argument, but calculations show that the angles are close
o 109◦ in all cases – vide infra). The major difference between cyclic
nd acyclic secondary alkyl groups is that the C� C� C� angles in
he former are less flexible as a consequence of being part of a ring,
nd it is the inability to open up this angle that destabilises the �-
gostic structure relative to its �-agostic counterpart. This subtle
ut important difference is sufficient to switch the dominant iso-
er in solution from �-agostic in the acyclic species to �-agostic in

heir cyclic analogues.

.4. Cyclopropyl complexes: a rare example of an ˛-CC agostic
nteraction

The structural and spectroscopic properties of the cyclopropyl
erivatives TpMe2NbX(c-C3H5)(MeC CMe) (X = Cl, Br) indicate that
hese species are fundamentally different in nature from their
arger ring analogues [22,23]. Most conspicuously, there is no evi-

ence for either an �-CH or �-CH agostic interaction of any kind –
rather surprising observation in light of the ubiquitous presence
f these interactions in all other alkyl complexes. Thus in the 13C
MR spectrum, Nb-C�H appears as a broad doublet at ı 75.3 (d,
JCH 139 Hz) and C� and C�′ appear as triplets at ı 13.8 and 3.2

u
b

T
t

MeC CMe) (left), and TpMe2NbCl(c-C3H5)(MeC CMe) (right).

1JCH 159 Hz). In the X-ray structure (Fig. 5), the cyclopropyl group
s oriented such that one of the C� C� bonds occupies the agos-
ic position bisecting the C� Nb Cl angle. Although the Nb· · ·C�
eparation is rather long, the C(1) C(3) bond is significantly longer
han the other two (1.539(4) Å vs 1.490(4) Å and 1.478(5) Å). The
ontrast with the �-CH agostic i-Pr complex, where the C C bond
n the agostic position is shorter than its non-agostic counterpart,
s particularly striking. The computational work summarised in the
ollowing sections offers further support for our proposal of a C C,
ather than C H, agostic structure in this cyclopropyl complex.

. Hybrid DFT/MM studies

The results presented in the previous section provide an excit-
ng picture of the diversity of agostic interactions attainable using
he TpMe2Nb platform, but the experiments alone are unable to
ffer a complete understanding of the phenomenon. For example,
ull characterization of the various compounds is often difficult to
chieve, particularly in the case of minor isomers, the presence of
hich can be deduced only from NMR spectra. Thus theory has

n important role to play in predicting structures of species that
emain inaccessible to diffraction experiments.

Our analysis in the previous section is based largely on the qual-
tative concept of competing steric and electronic effects. Hybrid
FT/MM techniques, where a part of the system is described with
n accurate DFT method and the rest with a force field, provides an
deal framework for quantifying these ideas. If one accepts the usual
ssumption that the steric effects of the MM region are properly
ntroduced, but their electronic effects are neglected [27,28], then
FT/MM calculations allow a clear separation of sterics from elec-

ronics. More pragmatically, hybrid techniques such as this were
he only viable option at a reasonable computational cost when
his collaboration started in 1998. In this section, we describe how
heory complemented experiment to develop our understanding
f these systems. We have subsequently re-evaluated our model

sing full DFT calculations, with some surprising results that will
e the subject of the final section of this review.

The partition used in our hybrid QM/MM study is shown in Fig. 6.
he tris(pyrazolyl) ligand is substantially simplified and some elec-
ronic effects are obviously neglected, but this approach has proved
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ig. 6. The QM/MM partition used in the studies of the TpMe2NbX(R)(R′CCR′′) sys-
ems.

o give a reasonable qualitative picture for other systems [29].
lightly different QM/MM approaches IMOMM(B3LYP:MM3) [30]
nd ONIOM(B3LYP:UFF) [31] were applied over the course of this
ork, largely reflecting the ongoing development of commercial

odes. The results are slightly different, mainly as a consequence
f the nature of the force field, but these slight differences do not
ave any bearing on our interpretation.

Our earliest work focussed on the acyclic alkyls, TpMe2NbCl
CH2Me)(PhC CCH2Me) and TpMe2NbCl(i-Pr)(PhC CCH2Me),
hich were first investigated using the IMOMM(B3LYP:MM3)
ethod [20]. Only one minimum was located for the ethyl com-

lex, corresponding to the structurally characterised �-agostic
somer [19b]. In contrast, two distinct minima were obtained for
he isopropyl complex, fully consistent with the experimental data.
ne of these corresponds to the experimentally isolated �-agostic

tructure, while the other, 9.3 kJ mol−1 higher in energy, is an
-agostic isomer related to the first by rotation of 120◦ about the
b CH(CH3)2 bond. The computed energetic separation is in excel-

ent agreement with the experimental value (�H) of 7.4 kJ mol−1.
ll three structures showed features typical of agostic interactions:
b· · ·H distances were quite short (2.35–2.58 Å), the C H agostic
onds were elongated (1.112–1.116 Å), the Cl Nb C� angles were
ide (110.8–126.9◦) and the angles between the Nb C� bond

nd the agostic group were narrow (86.3–92.4◦). The geometrical
arameters associated with the position of the hydrogen atom, in
articular the C H distance, are particularly diagnostic for agostic

nteractions, but, as noted above, are very difficult to obtain from
-ray diffraction, because the small elongation (a few hundredths

f ´̊A) is well within experimental error.
Computational experiments on hypothetical systems gen-

rated by modification of the experimental complexes have
roved invaluable in assessing the competition between
teric and electronic effects. For example, calculations on the
p5-MeNbCl(CH2Me)(PhC CCH2Me) system, where Tp5-Me is the
ypothetical hydridotris(5-methylpyrazolyl)borate ligand, differ-

ng from TpMe2 only in the absence of the methyl groups in the 3
osition, offer the opportunity to identify the dominant agostic

nteractions in the absence of steric pressure. Only a single stable
otamer was located for the TpMe2 system, and the same is true
ith Tp5-Me, but it is not the same rotamer! When the ligand is

pMe2 the most stable structure is the � C H agostic rotamer B
Fig. 2), in good agreement with experiment. However, for Tp5-Me,
he structure collapses to � C H agostic rotamer A. The preference
or the � C H agostic structure over its � C H agostic counterpart
an be thus traced directly to the steric constraints imposed by the
pMe2 ligand. Repulsions between TpMe2 and the alkyl chain are

learly minimised when the largest substituent on the � carbon
s aligned between two pendant Me groups, forcing one of the �
ydrogens to lie in the agostic position. In the absence of these
endant methyls, the system reverts to the electronically favoured
C H agostic structure.

s
t
s
a
2

ry Reviews 253 (2009) 635–646

For the cyclic systems, computed structures and energies are
gain in excellent agreement with experiment: for the cyclopentyl
ystem, the �-CH agostic rotamer B was more stable than its �-
gostic counterpart (A), and the elongation of the C H bond in
he former (1.12 Å) was consistent with a substantial � C H agos-
ic interaction [23]. Furthermore, the close energetic proximity of
otamers B and A in this case allowed us to identify the latter as
he most likely candidate for the minor isomer observed in solu-
ion. We argued in the previous section that the relative instability
f the �-agostic structure in cyclic systems was a consequence of
constraint placed on the C� C� C� angle, which prevented the

ystem from simultaneously attaining the optimal steric and elec-
ronic geometries. When the pendant methyl groups are removed
Tp5-Me), we find that the relative stabilities of A and B are reversed,
ith the �-agostic rotamer now preferred. These computational

xperiments therefore confirm that the constraints imposed by
he cyclic ring prevent the alkyl ligand from adapting to the well-
efined steric environment of the TpMe2 ligand, and force it to adopt
n electronically less favourable but sterically preferred �-CH agos-
ic alternative. The analysis of the relative stabilities of the different
otamers of the cyclobutyl system [24] follows the same lines.

The remarkable structure of the cyclopropyl complex
pMe2NbCl(c-C3H5)(MeC CMe) described in the previous sec-
ion poses a number of challenges to theory. The orientation of the
yclopropyl group places one of the CH2 groups of the 3-membered
ing in the agostic position, and so, in principle a � C H agostic
nteraction could result. This is the case for the straight chain alkyl
omplexes, where the opening of the Cl–Nb–C� angle and the
ilting of the alkyl group bring the C H bond into the C� Nb Cl
lane. The first structural feature is certainly present in the cyclo-
ropyl complex (Cl Nb C angle of 110.9◦) but neither 1H nor

3C NMR data support the presence of C H agostic interactions.
he absence of agostic C H interactions was confirmed by our
heoretical ONIOM(B3LYP:UFF) study, where we again computed
ll three rotamers, A, B and C, shown in Fig. 2. Consistent with
xperiment, but in contrast to all other cases, the most stable
s rotamer C, where the C1 C3 bond is in the agostic site. The
elative stability of rotamer C suggests that steric factors are less
mportant in this case than in any of the other alkyls, cyclic or
cyclic, and indeed removal of the steric bulk (by using the Tp5-Me

igand) does not alter the order. The lower steric pressure in the
yclopropyl case is a reflection of the smaller effective size of
he alkyl substituent: the acute C� C� C� angle draws the �
arbons away from the pendant methyl groups in rotamer C, hence
tabilising this conformation relative to A or B.

The key features of the X-ray structure shown in Fig. 5 are well
eproduced, most notably the long C1 C3 bond (calculated, 1.55 ´̊A;
-ray, 1.539 ´̊A). This elongation of the C C bond is distinct from
he contraction typically observed in �-C H agostic systems, and
trongly suggests that it is the C C, rather than the C H, bond
hat is donating into the metal fragment. Moreover, calculations
onfirm that there is no elongation whatsoever of any of the C H
onds, effectively eliminating a C H agostic interaction. It thus
ppears that in this cyclopropyl complex the � C C bond is more
ucleophilic than its � C H counterpart. One possible cause of
his unusual behaviour is the acute angles in the 3-membered
ing, which necessarily cause a rehybridisation at the � carbon and
estabilisation of the C C � bonds. To address this issue we per-
ormed a further computational experiment where the cyclopropyl
roup was replaced by an ethyl ligand whose bond angles and tor-

ions were constrained to replicate those in cyclopropane [22]. In
he unconstrained ethyl system, only rotamer B, an �-CH agostic
tructure, corresponds to a minimum but when the constraints are
pplied rotamer A is strongly stabilised, to the extent that it lies
1 kJ mol−1 below any other. Moreover, the C� C� bond is signif-
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cantly elongated, confirming that it is the acute C� C� C� bond
ngle that forces the C� C� bond to participate into the agostic
nteraction in preference to the �-C H bonds.

. The electronic origin of agostic interactions

The hybrid DFT/MM calculations summarised in the previ-
us paragraphs have offered significant insights into the complex
gostic equilibria exhibited by these systems. In particular, the
ethodology offers a transparent approach to separating steric and

lectronic effects, and has clearly highlighted the pivotal role of
he pendant methyl groups in controlling the metal coordination
phere. Thus far, however, we have focussed on the consequences
f agostic interactions (i.e. the distortion of the alkyl framework)
ather than their underlying cause. As noted in the introduction, the
atter has been the cause of spirited debate in the recent literature,
riven by the development of tools such as the atoms in molecules
AIM) approach [11] which promise to deliver new insights into
hemical bonding. The final section in this review describes our
ery recent attempts to explore the electronic mechanisms that
nderpin these ‘agostic’ interactions.

A pre-requisite for an analysis of the electron density is naturally
very accurate description of the electronic structure around the
etal centre. Although the agreement between the hybrid DFT/MM

heory described above and experiment was in most cases encour-
ging, there were some worrying discrepancies in the structural
ata. The most notable of these was in the Nb Cl bond length,
hich was significantly underestimated in the �-CH agostic struc-

ures, by as much as 0.128 Å in the IMOMM(B3LYP:MM3) study
f TpMe2NbCl(CH2Me)(PhC CCH2Me) [20]. Discrepancies between
xperiment and DFT/MM are usually attributed to the neglect of the
lectronic influence of atoms in the MM region, and we therefore
ecided to repeat some of the calculations using a full DFT (B3LYP)
rotocol to describe the whole molecule, in the expectation that this
ould improve agreement with experiment and provide a more

ccurate electron density. Our chosen test case was the i-Pr com-
lex, where the availability of both �- and �-CH agostic structures
ffers an opportunity to explore fundamental differences between
hese two types of interaction. The results, summarised in Table 1,
ell a rather different story: including the whole molecule within
he QM partition does not result in an improved geometric descrip-
ion of the �-CH agostic structure, but rather a much worse one!
32]. The � CH bond moves out of the niobium coordination sphere
ntirely, and the Nb Cl bond length remains far shorter than the
xperimental value. For the �-CH agostic structure, in contrast, the
ove to a full-QM description causes less dramatic changes, and the
H bond remains close to the metal centre. We have highlighted

n several occasions the fact that agostic and Nb Cl � bonding are
n direct competition for vacant orbital space on the metal centre,
nd it appears that, at least for the �-CH agostic rotamer, the B3LYP

unctional fails to accurately describe the balance between these
wo factors.

A wider survey of commonly used density functionals showed
hat the failure to locate a �-CH agostic minimum was common to
ll cases where the LYP functional was used to describe the cor-

m
e
c
o

able 1
tructural parameters for the �- and �-agostic rotamers of TpMe2NbCl(MeC CMe)(CH(CH

�-agostic rotamer

NbC�C� Nb–C� Nb–H� C�–H C�–H′

xpt. 87.0(3) 2.608(4) 2.17(5) 1.11(5)

3LYP/UFF 90.7 2.73 2.37 1.11 1.09
3LYP 109.3 3.15 3.23 1.09 1.09
BE1PBE 87.2 2.62 2.20 1.12 1.09
ry Reviews 253 (2009) 635–646 643

elation part. In contrast, the GGA functional PBE1PBE (along with
any others) does reproduce the �-CH agostic geometry, while at

he same time providing a much improved description of the Nb Cl
ond length. The very different behaviour of these two functionals
an be linked to the approximations used to generate the correla-
ion functionals, and in particular their relationship to the uniform
lectron gas (UEG) approximation. In the local density approxima-
ion (LDA) the exchange and correlation energies of a system at a
iven point in space are assumed to be those of a homogeneous
lectron gas of uniform density at that point. Consequently, the
DA performs well for uniform or slowly varying densities, but is
ess reliable in molecular systems where rapid density variations
re the norm. This deficiency is addressed by generalised gradient
pproximation (GGA) functionals such as PBE1PBE, which are usu-
lly constructed as corrections to the LDA using terms that depend
n the gradients of the density. The LYP correlation functional, in
ontrast, was not formulated as a correction of LDA, but was instead
onstructed by recasting the Colle–Salvetti correlation energy for-
ula of the helium atom [33] in terms of gradient expansions. LYP

oes not, therefore, adhere to the uniform electron gas (UEG) limit.
n our survey of functionals we note a clean separation: only func-
ionals that adhere to the UEG limit locate a �-CH agostic minimum.
y extension, we can conclude that a correct description of a �-
gostic bond requires an accurate description of a slowly varying
egion of electron density – precisely the situation we might antic-
pate in the region between a C H bond and a metal centre. The
tructure of the �-CH agostic, in contrast, is rather insensitive to
unctional, suggesting that an accurate description of the region
etween the C H bond and the metal is not, in this case, criti-
al. This observation offers further evidence that the �-agostic and
-agostic interactions are fundamentally different in nature.

Having established that non-UEG correlation functionals are
oorly suited to describing the agostic interactions in this class
f systems, a natural question to ask is why we obtained such
pparently good results using this functional in our original hybrid
FT/MM calculations. The answer is that the simplifications inher-
nt in our chosen QM/MM partitioning introduced artifacts that
ompensated for the intrinsically poor description offered by the
3LYP functional. The most obvious of these is the modelling of an
nionic TpMe2 ligand with three neutral imine groups (Fig. 6), which
ntroduces a net positive charge in the QM partition. An additional
ut unphysical electrostatic interaction between the metal centre
nd the alkyl ligand therefore draws the �-CH bond into an agos-
ic position, but without truly capturing the essence of the agostic
nteraction. In fact the short Nb–Cl bond in the DFT/MM calcula-
ions provides the clearest indication that the bonding is not being
roperly described: the optimised structure at this level apparently

ndicates the presence of both a �-CH agostic interaction and a
trong Nb Cl � bond – a situation that is incompatible with the
ompetition between these two donors for a single orbital (Fig. 1).
The above discussion highlights a very important point: opti-
ised structural parameters, particularly those associated with an

asily deformable group like an alkyl ligand, provide a rather poor
riterion on which to judge the quality of the underlying description
f electronic structure. Experimentalists rely on NMR parameters,

3)2) (angles in degrees, distances in Å, relative energies in kJ mol−1)

�-agostic rotamer

Nb–Cl NbC�H� Nb–C� Nb–H� C�–H Nb–Cl

2.493(1)

2.43 85.2 2.22 2.38 1.10 2.43
2.44 86.0 2.26 2.45 1.11 2.46
2.49 84.4 2.23 2.39 1.11 2.44
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otably 1JC–H, as their primary measure of agostic bonding, the
hanges in this coupling constant being indicative of weakening of
he agostic C H bond itself or of rehybridisation of the carbon atoms
n the alkyl backbone. In a recent paper [34] we computed these
oupling constants for both �- and �-CH agostic isomers of the i-Pr
ystem, and showed a remarkable convergence of experiment and
heory. This, in combination with excellent prediction of structural
nd energetic parameters, gives us real confidence that, in contrast
o previous DFT/MM calculations, our full QM approach using the
BE1PBE functional is capturing the essential physics of the agostic
nteraction. The converged wavefunctions and electron densities
hat emerge from these calculations therefore provide a solid foun-
ation on which to build a conceptual model of the agostic bond.

We noted in the introduction the controversy surrounding the
nterpretation of BCPs in electron density plots for agostic systems.
opelier has argued that the presence of such a BCP between the
etal and the � hydrogen was indicative of a �-C H agostic bond

n [(C2H5)TiCl2]+ [13], while Scherer and co-workers have shown
hat their presence or absence is highly dependent on the chosen
omputational methodology [14]. Our survey of the �-C H agostic
tructure of the i-Pr system reveals a very similar functional depen-
ence. We have been unable to locate a BCP between the agostic
ydrogen and the niobium centre using the PBE1PBE functional,
espite the patently ‘agostic’ optimised structure in Table 1. The
PSS functional [35] generates an almost identical structure, but in
his case a bond path between Nb and the �-H does emerge (Fig. 7).

he Nb· · ·H BCP is, however, very close to the ring critical point, and
t is therefore unsurprising that very small changes in geometry or
ndeed methodology can cause them to merge into a singularity.
he apparently erratic behaviour of the molecular graph is inti-

a
i
a
t

ig. 7. Density maps (TPSS functional) drawn on the agostic planes (top) and partial mole
ttractors, yellow and green spheres correspond to (3, −1) bond and (3, +1) ring critical p
ry Reviews 253 (2009) 635–646

ately connected to the dependence of the structure on functional
escribed previously: the very fact that the UEG limit is critical for
he modelling of the �-agostic structure immediately tells us that
he electron density in the important region between the Nb and

atoms is highly homogeneous, and it is precisely these situations
here the characterization of the curvature of � is most difficult.

n marked contrast to the �-CH agostic case, a Nb· · ·H bond path is
ever found for the �-C H agostic structure, regardless of the func-
ional, apparently eliminating the possibility of a direct interaction
etween the metal centre and the C H bond in this case.

The frontier Kohn–Sham orbitals of the �-agostic structure
hown in Fig. 8 illustrate the very important point that the HOMO
as dominant Nb–C � bonding character and is strongly polarized
owards the carbon. This is perhaps unsurprising, given the energy

ismatch between the alkyl lone pair and the d orbitals of an early
ransition metal ion such as Nb, but it suggests that stabilisation
f the alkyl lone pair will be the strongest driving force for distor-
ions away from an idealised structure. The C H bonding orbital,
n contrast, is buried deep in the occupied manifold, and bringing
his orbital into contact with the metal will yield a relatively small
nergetic gain. In these systems, the most readily available sink for
he electron density in the alkyl lone pair is the �* orbital on the
lkyne unit, and the HOMO shows a distinct canting of the Nb C�

orbital towards the alkyne ligand. This in turn forces the C� H
ond towards the metal, but it is important to emphasise that it

s being pushed into this position, not pulled! Similar features are

pparent in the � C H agostic structure, suggesting that delocal-
zation of the alkyl lone pair is a common mechanism for both. In
ddition, direct overlap of the metal and � CH orbitals, apparent in
he LUMO, also contributes to the stability of the system, although

cular graphs (bottom) of isopropyl rotamers 3 and 1: red spheres indicate nuclear
oints, respectively.
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ig. 8. Frontier Kohn–Sham orbitals of �- and �-C H agostic structures of
pMe2NbCl(MeC CMe)(i-Pr). Contour value 0.0622 (eÅ−3)1/2.

he behaviour of the molecular graphs suggests that it is not the
ominant mechanism. A natural bond orbital (NBO) [36] analysis
onfirms the qualitative interpretation of the Kohn–Sham orbitals:
onor–acceptor interactions between the alkyl lone pair and the
* orbitals of the alkyne ligand are similar in magnitude to direct

nteractions between the C H bonding orbital and the metal cen-
re in the �-agostic structure, and outweigh them in the �-agostic
nalogue.

This analysis places the emphasis firmly on stabilisation of the
lkyl lone pair as the primary driving force for agostic distortions,
triking resonance with earlier arguments put forward for early
ransition metal alkyls. Scherer et al. have argued that the key sta-
ilising influence in these systems is the delocalisation of the M C
bonding electrons over the framework of the alkyl ligand itself –

n effect negative hyperconjugation [14], while Eisenstein identified
elocalisation of the lone pair into metal-based orbitals other than
he one aligned along the M C axis as the primary driving force
8]. Thus the need to stabilise the alkyl-based lone pair emerges
s a common theme in early transition metal alkyls – the ligand
ill distort in such a way that the lone pair is directed towards the
ost accessible vacant orbital on the rest of the molecule, whether

t be localised on the metal, on the alkyl ligand itself, or on other
nsaturated ligands bound to the metal. This canting must nec-
ssarily force one of the substituents, X, on the �-carbon towards
he metal centre, and hence cause strong distortions as measured
y the M C� X angles. The reason why this canting forces one
ubstituent into the ‘agostic position’, precisely as the traditional
rbital description of agostic interactions would predict, (Fig. 1)
s not yet fully understood, although it may be associated with a
econdary role for this orbital interaction.
. Concluding remarks

Niobium((tris)pyrazolyl)(chloride)(alkyne)(alkyl) complexes
xhibit a rich structural chemistry in relation to the agostic inter-
ry Reviews 253 (2009) 635–646 645

ctions between the alkyl group and the metal centre. Primary
lkyl groups favour a relatively unusual � C H agostic interaction
ver the more common � C H agostic interaction, while secondary
lkyl groups exhibit dynamic equilibria between � and � C H
gostic isomers, the former being dominant for cyclic alkyls but
he latter for their acyclic analogues. The cyclopropyl complex
resents a highly unusual case where an � C C agostic interaction

s favoured over �- or �-CH agostic alternatives. Hybrid DFT/MM
alculations have allowed us to clarify the origins of this seemingly
haotic behaviour. There are in all cases three possible rotamers,
orresponding to the 120◦ rotation around the Nb Calkyl bond,
ome or all of which may correspond to minima on the potential
nergy surface. Which of these is more stable depends on a subtle
nterplay of steric and electronic factors. For the CH agostic sys-
ems, the dominant structural control is a steric one, exerted by the
endant methyl groups in the TpMe2 ligand which force the bulkiest
ubstituent on the � carbon away from the metal centre, between
wo of the methyl groups. The stereochemistry about the � carbon
hen completely determines which of the other two substituents
ies in the agostic position, bisecting the C� Nb Cl angle. In cases

here the � carbon carries two substituents of equal (or almost
qual) bulk, as in the i-Pr or sec-Bu complexes, an equilibrium
etween different isomers emerges. In such circumstances, the
elative stabilities of the �- and �-agostic structures are largely
ontrolled by the ability of the alkyl ligand to distort at the �
arbon to accommodate the steric and electronic requirements of
he �-CH agostic structure. The reduced flexibility of the cyclic
lkyls therefore naturally favours the �-agostic structure.

While the DFT/MM calculations reproduce the majority of the
xperimental observables, and offer valuable insights into the rel-
tive stabilities of the isomers, they do not offer insight into the
undamental origin of the agostic interactions themselves. Calcu-
ations performed using a full DFT protocol reveal that the chosen
orrelation functional plays a key role for the �-agostic structure,
ith only those that conform to the uniform electron gas limit

uccessfully reproducing the experimental structure. The �-agostic
tructure is, in contrast, much less sensitive to functional, suggest-
ng a rather different origin for this type of interaction. Our analysis
f the electronic structure suggests that direct interactions between
he C H bond and the metal are of secondary importance in the
-agostic structure, and are completely absent in the �-agostic
ounterparts. Instead, the primary driving force for agostic distor-
ions in these early transition metal systems is the stabilisation of
he Nb C � bonding electrons by delocalisation into the vacant �*
rbitals of the alkyne co-ligand. The de-emphasis of direct overlap
f C H � and metal-based orbitals is consistent with recent work by
ther groups suggesting that delocalisation of the high-lying M C
bonding electrons is a common driving force in early transition
etal agostics [15].
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