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Cycloalkyl niobium complexes, TpMe2NbX(R)(MeC���CMe) (TpMe2 = hydrotris(3,5-dimethylpyrazolyl)borate; X = Cl,
R = c-C3H5 (2a); X = Br, R = c-C3H5 (2b), X = Cl, R = c-C5H9 (3), X = Cl, R = c-C6H11 (4),) have been prepared from
TpMe2NbCl2(MeC���CMe). The cyclopropyl complex 2a shows no sign of C–H agostic interactions either in the solid
state (X-ray) or in solution. In contrast, the NMR spectra of 3 and 4 are temperature dependent as a consequence
of an equilibrium between a major α-agostic species and a minor non-agostic one. Hybrid QM/MM calculations are
used to rationalise the behaviour of these cycloalkyl species, and illustrate the subtle interplay of steric and electronic
effects in these systems.

Introduction
The ‘agostic’ interaction beween transition metal centres and a
C–H bond 1 remains a topic of enduring interest, and current
research ranges from fundamental studies into the nature of
the chemical bond to highly applied work examining the role of
agostic bonds in catalysis.2–12 In a series of recent papers,13–19 we
have described the synthesis of a series of alkyl complexes
of niobium, TpMe2NbX(R)(PhC���CMe) and TpMe2NbX(R)-
(MeC���CMe) (TpMe2 = hydrotris(3,5-dimethylpyrazolyl)borate)
(Fig. 1) and conducted detailed spectroscopic and theoretical
investigations into the nature of the agostic interactions
between the metal centre and the alkyl substituent. Our initial
studies focussed on acyclic species, R = Et and i-Pr, where struc-
tural and spectroscopic data confirmed the presence of α-C–H
agostic interactions. For the ethyl complex the α-agostic isomer
is the only species present in solution, whereas in the isopropyl
analogue, it is in equilibrium with its β-C–H agostic counter-
part (one of the few examples of equilibria between two such
isomeric agostic species).20 The observation of α-C–H agostic

Fig. 1 Hydridotris(pyrazolyl)borato cycloalkyl niobium complex.

† Based on the presentation given at Dalton Discussion No. 6, 9–11th
September 2003, University of York, UK. Electronic supplementary
information (ESI) available: A view of the unit cell for 3. A variable-
temperature 1H NMR experiment for 3. Cartesian coordinates
and total energies of all optimised structures reported herein. See
http://www.rsc.org/suppdata/dt/b3/b305296f/
‡ Present address: School of Chemistry, P.O Box 23, Monash
University, Victoria 3800, Australia.

bonds is in itself a rather uncommon phenomenon, and is usu-
ally restricted to systems where alternative β-C–H bonds are
unavailable.21,22 Previous studies have confirmed that β-agostic
interactions are generally preferred on electronic grounds, and
so the apparent preference for the α-agostic alternative in these
systems prompted us to investigate the electronic structure
of these systems using the hybrid QM/MM methodology that
has emerged in recent years as an effective means of investi-
gating electronic structure in transition metal organometallic
systems.23–26 Our initial investigations 17 indicated that the methyl
groups in the 3-positions on the trispyrazolylborato ligand play
a key role in this unusual chemistry by projecting down onto the
opposite face of the octahedrally coordinated metal, and
imposing a hindered coordination environment upon the alkyl
ligand. The favoured orientation of the alkyl group in all cases
is the one where the bulkiest substituent on the α carbon bisects
two of these methyl groups, effectively directing it away from
the metal centre. The ‘agostic’ site is then occupied by one of
the two remaining less bulky substituents, both of which are
hydrogen atoms in the case of R = Et. For the i-Pr species, one
Me group occupies the wedge, and α and β agostic structures
are observed when the remaing H and Me substituents, respec-
tively, occupy the agostic site. In a later publication,18 we
extended these studies to the bulkier sec-Bu complex, and
showed that similar principles could account for the more com-
plex equilibria observed in this case. In particular, the presence
of a chiral centre at the α carbon gave rise to two distinct dia-
stereomers with very different agostic properties, the relative
energies of which were again determined by the steric demands
of the methyl groups.These fundamental studies have shed
some light on some of the factors that control agostic bonding
and, in particular, have highlighted the fact that the presence
of unusual types of agostic bonding may be a result of steric
factors which disfavour alternative structures rather than any
intrinsically strong electronic driving force. In a very recent
communication,19 we turned our attention to the cyclopropyl
species, TpMe2NbCl(c-C3H5)(MeC���CMe), where experiment
and theory are consistent with the presence of a highly unusual
agostic bond between the metal centre and a C–C, rather than
C–H (either α or β) bond. To the best of our knowledge, only a
very few examples of agostic C–C bonds have been proposedD
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previously in the literature, the majority occurring in cases
where alternative C–H agostic structures are not accessible.27–30

In the case of the rather compact cyclopropyl group, prelimin-
ary calculations indicate that the steric effects of the pendant
methyl groups are less important, and the preference for the
C–C agostic structure is instead determined by the unusual
electronic properties of the small ring system. This observation
serves to highlight the rich diversity of chemistry associated
with such weak bonds, and also illustrates the potential for
controlling the properties of a complex by rather subtle
chemical modifications. In this contribution, we expand the
chemistry of the cycloalkyl systems by reporting new data on
the cyclopropyl systems and presenting a detailed study of
analogous cyclopentyl and cyclohexyl species, TpMe2NbCl-
(c-C5H9)(MeC���CMe) and TpMe2NbCl(c-C6H11)(MeC���CMe)
(Fig. 1). The progression from C3 to C5 and C6 ring systems
represents an increase in the steric bulk, while at the same
time alleviating the effects of strain within the ring system. In
light of these competing factors, we anticipated that these new
systems might exhibit diverse structural and solution chemistry
based on the presence of a number of energetically close agostic
isomers.

Experimental
All experiments were carried out under a dry dinitrogen
atmosphere using either Schlenck tube or glove-box techniques.
THF and diethyl ether were obtained after refluxing purple
solutions of Na/benzophenone under dinitrogen. Toluene,
hexane, pentane and 1,4-dioxane were dried by refluxing over
CaH2 under dinitrogen. Deuterated NMR solvents were dried
over molecular sieves, degassed by freeze-pump-thaw cycles and
stored under dinitrogen. Data are reported in dichloromethane-
d2 unless otherwise stated. 1H and 13C NMR spectra were
obtained on Bruker DPX 300 and AMX 400 spectrometers.
Only pertinent 1JCH are quoted in the 13C spectra. COSY 1H–1H
and HMQC 13C–1H spectra have occasionally been used to
secure assignments (see text). Elemental analyses were per-
formed in the Analytical Service of our Laboratory. TpMe2Nb-
Cl2(MeC���CMe) (1) was prepared according to the published
procedure.31 Grignard reagents (RMgX in diethyl ether) were
either purchased or synthesised via classical procedures.

Synthesis

Virtually the same procedure was used to prepared all the com-
plexes. 1,4-Dioxane (2 mL) was added to a solution of (c-
C3H5)MgBr in diethyl ether (20 mL, 0.076 M, prepared from
Mg turnings and c-C3H5Br in diethyl ether) yielding an abund-
ant precipitate. After decantation, 10 mL of this solution were
added dropwise via syringe to a cooled (�20 �C, ethanol/liquid
nitrogen bath) diethyl ether solution (30 mL) of 1 (0.250 g,
0.49 mmol). The colour of the solution changed gradually from
purple–red to yellow–orange as the temperature rose slowly
to room temperature. Stirring was maintained for ca. 1 h. The
resulting slurry was filtered through a pad of Celite to give a
clear yellow–orange solution which was evaporated to dryness.
The residue was dissolved in a minimum amount of toluene
(ca. 2 mL). Addition of hexane (ca. 10 mL) followed by paper
filtration yielded orange crystals of TpMe2NbCl(c-C3H5)-
(MeC���CMe) (2a) (0 �C, overnight) which were collected by
filtration, washed with small amounts of cold pentane and
dried under vacuum (0.200 g, 0.39 mmol, 78%). For the
synthesis of (2b), (3) and (4), the use of 1,4-dioxane was not
necessary although it occasionally helps to precipitate MgX2

salts.

TpMe2NbCl(c-C3H5)(MeC���CMe) (2a)

Anal. Calc. for C22H33N6BClNb: C 50.84, H 6.35, N 16.18.
Found: C 50.37, H 6.38, N 15.89%. 1H NMR (300 MHz,

benzene-d6, 300 K): δ 5.73, 5.70, 5.46 (s, 1H each, TpMe2 CH ),
3.11, 2.18 (s, 3H each, MeC���CMe), 2.82, 2.21, 2.10, 2.06,
2.03, 1.92 (s, 3H each, TpMe2 Me), 2.24, 1.53, 1.26, 0.95 (m, 2,
1, 1, 1H each, respectively, CH2β, CH2β� and CHα). 13C NMR
(75 MHz, benzene-d6, 300 K): δ 243.8, 231.8 (MeC���CMe),
153.3, 151.6, 144.0, 143.9, 143.8 (1, 2, 1, 1, 1, TpMe2 CMe),
108.2, 107.8, 107.7 (TpMe2 CH), 75.3 (d, 1JCH 139 Hz, w1/2 =
20 Hz, CαH), 23.2, 13.8 (t each, 1JCH 159 Hz, CβH2 and Cβ�H2),
21.9, 20.8, 16.4, 15.8, 15.1, 13.2, 13.0, 12.7 (TpMe2 CMe and
MeC���CMe).

TpMe2NbBr(c-C3H5)(MeC���CMe) (2b)

Anal. Calc. for C22H33N6BBrNb: C 46.76, H 5.84, N 14.88.
Found C 47.54, H 5.96, N 14.80%. 1H NMR (300 MHz,
benzene-d6, 300 K): δ 5.76, 5.70, 5.46 (s, 1H each, TpMe2 CH ),
3.23, 2.15 (s, 3H each, MeC���CMe), 2.85, 2.21, 2.10, 2.03, 2.02,
1.90 (s, 3H each, TpMe2 Me), 2.34, 2.24, 1.49, 1.25, 0.87 (m, 1H
each, CH2β, CH2β� and CHα). 13C NMR (75 MHz, benzene-d6,
300 K): δ 245.7, 234.5 (MeC���CMe), 153.7, 151.7, 151.6, 144.3,
144.1, 143.8 (TpMe2 CMe), 108.4, 107.9, 107.8 (TpMe2 CH), 79.3
(broad d, 1JCH = 139 Hz, w1/2 = 15 Hz, CαH), 24.1, 13.7 (t each,
1JCH = 159 Hz, CβH2 and Cβ�H2), 22.3, 21.8, 17.3, 16.0, 15.9,
13.2, 13.0, 12.7 (TpMe2 CMe and MeC���CMe).

TpMe2NbCl(c-C5H9)(MeC���CMe) (3)

Anal. Calc. for C24H37N6BNbCl: C 52.54, H 6.75, N 15.32.
Found: C 51.82, H 6.31, N 15.43%. 1H NMR (400 MHz): At
293 K): δ 5.94, 5.91, 5.75 (s, 1H each, TpMe2 CH ), 3.28, 2.32
(s, 3H each, MeC���CMe), 2.53, 2.49, 2.46, 2.38, 1.91, 1.78 (s,
3H each, TpMe2 Me), 2.93, 2.14 (pseudo-sextet, 1H each, 3JHH =
7 Hz, CHβ�), 1.61 (dddd, 1H, 2JHH = 14 Hz, 3JHH = 3, 7 and 10
Hz, CHβ), 1.33 (pseudo-quintet, 2H, 3JHH = 7 Hz, CHγ�), 1.14–
1.06 (m, 1H, CHγ), 1.00–0.90 (m, 1H, CHγ), 0.52 (pseudo-
septet, 1H, 3JHH = 7 Hz, CHβ), �0.39 (quintet, 1H, 3JHH =
6.9 Hz, CHα). At 193 K: δ 5.91, 5.90, 5.76 (s, 1H each, TpMe2

CH ), 3.23, 2.22 (s, 3H each, MeC���CMe), 2.42, 2.41, 2.39,
2.32, 1.79, 1.67 (s, 3H each, TpMe2 Me), 3.04 (1H, CHβ�), 2.16
(partially obscured, 1H, CHβ�), 1.49 (1H, CHβ), 1.30, 1.13
(1H each, CHγ�), 1.02, 0.74 (1H each, CHγ), 0.24 (1H, CHβ),
�0.93 (NbCH ). 13C NMR (100 MHz, 193 K): δ 244.5, 222.2
(MeC���CMe), 151.3, 150.7, 150.2, 144.5, 144.4, 143.9 (TpMe2

CMe), 135.8 (d, 1JCH = 93 Hz, w1/2 = 8 Hz, NbCH ), 107.1, 106.5,
106.2 (TpMe2 CH ), 40.6, 39.1 (t, 1JCH = 127 Hz, Cβ�H2, CβH2,
respectively), 27.5, 27.3 (t, 1JCH = 127 Hz, CγH2, Cγ�H2), 21.7,
21.4, 14.4, 13.9, 13.8, 13.1, 12.8, 12.6 (q, 127 Hz, TpMe2 CH3

and MeC���CMe). 13C NMR (62.6 MHz, benzene-d6, 293 K):
δ 245.5, 224.3 (MeC���CMe), 152.6, 151.5, 146.6, 143.8 (3, 3, 6,
6 resp., TpMe2 CMe), 125.6 (d, 1JCH = 102 Hz, w1/2 = 17 Hz,
NbCH), 108.3, 107.6, 107.4 (TpMe2 CH), 40.4, 38.2, 28.6,
28.0 (all t, 1JCH = 129 Hz, Cβ�H2, CβH2, CγH2, Cγ�H2),
22.1, 21.7, 15.5, 14.9, 14.6, 13.1, 12.8, 12.5 (TpMe2 CH3 and
MeC���CMe).

TpMe2NbCl(c-C6H11)(MeC���CMe) (4)

Anal. Calc. for C25H39N6ClBNb: C 53.36, H 6.99, N 14.94.
Found: C 53.76, 7.31, 14.83%. 1H NMR (400 MHz) 293 K:
δ 5.95, 5.92, 5.71 (s, 1H each, TpMe2 CH ), 3.18, 2.25 (s, 3H each,
MeC���CMe), 2.67, 2.48, 2.46, 2.34, 2.00, 1.72 (all s, 3H each,
TpMe2 CMe), 2.30, 1.60–1.45, 1.40–1.25, 1.05–0.90, 0.70–0.55
(m, 1, 3, 3, 2, 1H each, CH2β, CH2β�, CH2γ, CH2γ�, CHδ), 0.15
(broad s, 1H, CHα). At 193 K: major species 4: δ 5.98, 5.97, 5.75
(s, 1H each, TpMe2 CH ), 3.20, 2.16 (s, 3H each, MeC���CMe),
2.54, 2.39, 2.38, 2.26, 1.93, 1.56 (s, 1H each, TpMe2 CMe), 2.77
(m, 1H, CHβax), 1.65 (m, 1H, CHβeq), 1.40 (m, 1H, CHγax), 1.30
(m, 1H, CHδax), 1.18 (m, 1H, CHβ�ax), 1.13 (m, 1H, CHγ�ax),
1.02 (m, 1H, CHγeq), 0.82 (m, 1H, CHδeq), 0.75 (m, 1H,
CHγ�eq), 0.12 (m, 1H, CHβ�eq), �1.00 (m, 1H, NbCHα); minor
species 4� (several signals obscured): 5.94, 5.90, 5.81 (s, 1H each,
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TpMe2 CH ), 3.16 (s, 3H, MeC���), 2.69, 2.24, 1.79 (s, TpMe2 CMe),
2.25 (m, NbCHα). Rotamer ratio 4 : 4� = 11 : 1. 13C NMR (100
MHz, 193 K): major species 4: δ 244.2, 227.2 (MeC���CMe),
151.1, 150.4, 150.1, 144.5, 144.4, 144.1 (TpMe2 CMe), 130.3
(d, 1JCH = 94 Hz, w1/2 = 17 Hz, NbCH), 109.3, 107.2 (1 : 2 resp.,
TpMe2 CH), 41.9, 37.8, 31.6, 30.1, 27.2 (all t, 1JCH = 127 Hz,
w1/2 = 13 Hz, Cβ, Cβ�, Cγ, Cγ�, Cδ resp.), 22.8, 22.7 (���CCH3),
16.0, 15.9, 14.8, 14.2, 13.9, 13.6 (TpMe2 CH3); minor species 4�
(several signals obscured): δ 224.2, 234.0 (MeC���CMe), 153.0,
151.8, 149.0, 144.9 (TpMe2 CMe), 109.4, 108.0, 107.5 (TpMe2

CH), 93.8 (d, 1JCH = 120 Hz, NbCH).

Crystallographic studies

X-Ray crystal structures of 2a and 2b were previously reported
(see CCDC 201292 and 201293).19 Single crystals of 3 were
obtained from toluene–pentane mixtures. The data collection
(T = 160 K) was performed on a STOE IPDS diffractometer
using graphite-monochromatised Mo-Kα radiation. The struc-
ture was solved by direct methods using SIR92.32 The refine-
ment was carried out with the CRYSTALS package.33 All
atoms, except hydrogens and those of a solvent molecule (0.5
toluene molecule in the asymmetric unit), were anisotropically
refined. Except for H(1) and H(11), which were observed in a
difference Fourier map and subsequently refined with a fixed
isotropic thermal parameter, all hydrogen atoms were included
in the calculation in idealised positions (C–H = 0.96 Å) with
an isotropic thermal parameter 1.2 times that of the atom to
which they were attached. No absorption corrections were
made. In the asymmetric unit for 3, half a molecule of toluene
is disordered around the inversion center (see ESI †). Full-matrix
least-square refinements were carried out by minimizing the
function Σw(||Fo| � ||Fc|)

2, where Fo and Fc are the observed
and calculated structure factors. A weighting scheme was intro-
duced with w = w�[1 � (∆F/6σ(F ))2]2.34 The model reached con-
vergence with R = Σ(||Fo| � ||Fc|)/Σ|Fo|, Rw = [Σw(||Fo| � ||Fc|)

2/
Σw(|Fo|)2]1/2 having values of 0.0340 and 0.0349. Plots of
molecular structures (for 2a, Fig. 2; for 3, Fig. 3) were per-
formed by using the software CAMERON.35

For 3: C24H37NbClN6B�0.5C7H8, M = 594.84, monoclinic,
C2/c, a = 39.571(5), b = 13.711(1), c = 10.669(1) Å, β = 96.52(2)�,
V = 5751(1) Å3, Z = 8, T = 160 K, µ = 5.4 cm�1, 16617 measured
reflections, 3734 independent reflections (Rint = 0.0432), final
R = 0.0277 (on F ), Rw = 0.0346 for 2705 reflections with I >
2σ(I ) and 351 parameters.

CCDC reference number 210405.
See http://www.rsc.org/suppdata/dt/b3/b305296f/ for crystal-

lographic data in CIF or other electronic format.

Fig. 2 Plot of the molecular structure of TpMe2NbCl(c-C3H5)-
(MeC���CMe).

Computational details

All calculations were carried out with the ONIOM method 23,24

as implemented in the Gaussian98 package.36 The quantum
mechanical (QM) part was defined by [Nb(NH��CH2)3(Cl)-
(HC���CH)(R)]�, the full alkyl group involved in the agostic
interaction being therefore included in the QM region. This
type of partition of TpMe2 ligands has been proved satisfactory
in previous calculations by our group.17–19,37 The method
applied for the QM region was Becke3LYP.38,39 An effective core
potential was used to replace the 36 innermost electrons of
niobium 40 and the 10 innermost electrons of chlorine.41 The
valence double zeta basis set associated with the pseudo-
potential in the program 36 was used for niobium and chlorine,
supplemented with a d shell in the latter case.42 The 6-31g(d)
basis set 43 was used for all atoms of the alkyne and alkyl
ligands, as well as for the nitrogen atoms of TpMe2. The 6-31g
basis set 44 was used for the rest of the atoms of TpMe2 in the
QM partition. The force field used for the molecular mechanics
(MM) partition was UFF,45 as implemented in the program.36

All geometry optimizations were full, with no restrictions,
unless indicated explicitly in the text.

Results and discussion

Syntheses

Treatment of a red–purple diethyl ether solution of the di-
chloroniobium complex 31 TpMe2NbCl2(MeC���CMe) (1) with
one equivalent of the appropriate chloro or bromo alkyl
Grignard reagent at low temperature (�20 �C) gives orange
crystals of TpMe2NbX(R)(MeC���CMe) (X = Cl, R = c-C3H5

(2a), X = Br, R = c-C3H5 (2b); X = Cl, R = c-C5H11 (3), X = Cl,
R = c-C6H11 (4)) in good yield (ca. 75%). 2a can be obtained
selectively using a diethyl ether solution of (c-C3H5)2Mg-
(dioxane)n. Under strict exclusion of air, the colour of the
reaction mixture of 3 darkens and occasionally turns violet
rapidly. This violet solution leads to decomposition of the
complex (1H NMR). This colour changes is not observed in the
case of the cyclopropyl and cyclopentyl complexes (2a, 2b, 3).
This phenomenon leads to the in situ isomerization of the
secondary alkyl complexes to their n-alkyl analogues.18

Cyclopropyl complexes, TpMe2NbCl(c-C3H5)(MeC���CMe) and
TpMe2NbBr(c-C3H5)(MeC���CMe) (2a,2b)

As reported in a previous communication,19 the crystal struc-
tures of the two cyclopropyl complexes show no evidence of

Fig. 3 Plot of the molecular structure of TpMe2NbCl(c-C5H9)-
(MeC���CMe).
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Table 1 Selected bond distances, angles and torsion angles for TpMe2NbCl(c-C3H5)(MeC���CMe) (2a)

Bond length/Å Bond angle/� Torsion angle/�

Nb(1)–Cl(1) 2.4465(6) Cl(1)–Nb(1)–C(1) 110.85(8) Cl(1)–Nb(1)–C(1)–C(3) 24
Nb(1)–C(1) 2.159(3) Nb(1)–C(1)–C(2) 131.4(2) N(5)–Nb(1)–C(1)–C(2) 142
Nb(1) � � � H(11) 2.72(4) Nb(1)–C(1)–C(3) 109.7(2) Cl(1)–Nb(1)–C(1)–H(11) 104
C(1)–C(3) 1.539(4) Nb(1)–C(1)–H(11) 115.2(20)   
C(2)–C(3) 1.478(5) C(1)–C(2)–C(3) 62.5(2)   
C(1)–C(2) 1.490(4) C(1)–C(3)–C(2) 59.1(2)   
Nb(1) � � � C(3) 3.045(3) C(2)–C(1)–C(3) 58.4(2)   

agostic C–H interactions, either α or β (Fig. 2, Table 1). The
orientation of the cyclopropyl group is such that the located
α-hydrogen lies 2.72(4) Å from the metal centre, effectively
precluding any significant agostic interaction. Although the β-
hydrogens were not located, the rather large Nb–Cα–Cβ angles
of 109.7(2) and 131.4(2)� are also inconsistent with the narrow
angles usually associated with a β-agostic interaction. Never-
theless, the Nb(1)–C(1) bond of 2.159(3) Å is among the
shortest we have ever seen in our series of either α- or β-agostic
alkyl complexes of niobium() – the corresponding value in
the acyclic analogue, TpMe2NbCl(i-Pr)(PhC���CMe) is 2.228(4)
Å.17,18 The Nb–Cl bond length in 2a is 2.4465(6) Å, somewhat
shorter than that in TpMe2NbCl(i-Pr)(PhC���CMe) (2.493(1) Å),
consistent with the absence of a C–H agostic interaction. How-
ever, in previous papers we have emphasised the importance of
the Cl–Nb–Cα bond angle as a structural indicator of agostic
interactions, and the value of 110.85(8)� in 2a is still much
greater than 90�, albeit not as large as the 122.1(1)� observed
in the β-agostic isopropyl derivative. Thus whilst the first
coordination sphere of the metal centre appears to have
rearranged to accommodate an additional electron pair, there
appears to be no structural evidence that this pair comes from a
C–H bond. The structure of the C3 ring provides an alternative
explanation, because one of the C–C bonds (C(1)–C(3)) is
notably elongated relative to the other two. The degree of
elongation (0.049 Å) is of the same order of magnitude as
that observed for C–H bonds in neutron diffraction studies of
agostic compounds. In TpMe2RhCl(c-C3H5)(CNtBu), where the
18-electron configuration effectively precludes agostic inter-
actions the three C–C bonds are identical within experimental
error [1.48(1), 1.49(1), 1.45(1) Å].46a Similar parameters are
observed for the related Cp*RhBr(c-C3H5)(PMe3).

46b The
elongation of a single bond also contrasts markedly with the
contraction usually observed for β-C–H agostic systems,
suggesting that it is the α-C–C bond, rather than one of the
C–H bonds, that is interacting in an agostic fashion.

The 1H NMR spectra of the cyclopropyl complexes 2a and
2b are temperature independent, and are entirely consistent
with the conclusions drawn above. All of the cyclopropyl pro-
tons resonate as complex multiplets between δ 0.95 and 2.24 for
2a and δ 0.87 and 2.34 for 2b. We tentatively assign the shielded
signal to Hα. 13C NMR spectra show a doublet (1JCH 139 Hz)
for Cα at δ 75.3 and 79.3 for 2a and 2b, respectively. Cβ give
triplets at δ 23.2 and 13.8 (2a) and δ 24.1 and 13.1 (2b) (1JCH 159
Hz). These values are typical of cyclopropyl carbons, where
sp2 character is high.47 Even though Cα is slightly deshielded
(see below) and its 1JCH is reduced as compared to those for Cβ,
no agostic interaction is apparent from the data. Similar
1JCH values (131 and 161 Hz for Cα and Cβ, respectively) have
been observed for (tBu3SiNH)3Zr(c-C3H5).

48a,8 Even when 13C
NMR data are reported for early transition metal cyclopropyl
complexes, 1JCH are rarely quoted. Cα resonates at δ 34.9 for
(tBu3SiNH)3Zr(c-C3H5)

48a and at δ 57.9 for the related Ti
complex (tBu3SiO)2(

tBu3SiNH)Ti(c-C3H5).
48b

Cyclopentyl complex, TpMe2NbCl(c-C5H9)(MeC���CMe) (3)

The crystal structure of the cyclopentyl complex (3) at 160 K
(Fig. 3, Table 2) clearly reveals the presence of an α-C–H

agostic interaction, with a short Nb–Cα bond of 2.174(4) Å.
The located and refined α-agostic hydrogen lies in the Cl–Nb–
C(α) plane at a distance of 2.21 Å from the metal centre, with a
highly acute Nb–Cα–H angle of 79.9(24)�. The Nb–Cα–Cβ
angles, in contrast, are slightly opened to accommodate this
interaction. The C–C bond lengths, in contrast, are unremark-
able, and show no sign of C–C agostic interactions. The overall
orientation of the cyclopentyl ligand is such that it lies in a
wedge formed by two pyrazolyl groups, placing both β carbons
away from the pendant 3-methyl groups of TpMe2 to minimise
steric repulsions. The cyclopentyl group adopts an envelope
conformation (see torsion angles, Table 2) with C(4) con-
stituting the flap. The structure is very similar to that of Cp2-
ZrCl(c-C5H9),

49 except for absence of an agostic interaction in
the latter.

Complex 3 exhibits dynamic NMR behavior, and assignment
of the cyclic protons and carbons relies on 1H–1H and 1H–13C
HMQC NMR data (see experimental section). The nine cyclo-
pentyl ring protons give eight signals showing fine structure at
293 K in dichloromethane-d2. When the temperature decreases
(see ESI †), the signals broaden then sharpen again around
203 K. No splitting is observed and the fine structure due to JHH

couplings, although hardly measurable, is maintained at 193 K.
The shielded α-H shifts from δ �0.39 (quintet, 3JHH = 6.9 Hz)
at 293 K to δ �0.93 at 193 K. In the 13C spectrum at 193 K, the
niobium-bound carbon resonates as a remarkably deshielded
doublet at δ 135.8 with a reduced coupling constant of 1JCH =
93 Hz. This signal is shifted to low field compared to the room-
temperature spectrum (benzene-d6, δ 125.6, d, 1JCH = 102 Hz).
Not only do the data confirm an α-agostic interaction for 3,
they also suggest that there exists a process equilibrating a
vastly major α-agostic form 3 with another non-α-agostic minor
isomer 3�. Analysis of the temperature dependent NMR
spectra for 4 (see later) confirms this view.

Cyclohexyl complex, TpMe2NbCl(c-C6H11)(MeC���CMe) (4)

No structural data are available for the cyclohexyl species (4),
but a typical variable-temperature 1H NMR experiment for 4 is
shown Fig. 4. The figure shows a dynamic process equilibrating
two distinct species namely 4 and 4�, observable in the slow
exchange limiting spectra in a 11 : 1 ratio. 4 clearly has an
α-agostic interaction characterised at 183 K by a shielded 1H
NMR signal at δ �1.00 for NbCHα and a 13C NMR doublet at
δ 130.3 with a reduced 1JCH of 94 Hz for NbCHα. Characteriza-
tion of 4� is more difficult due to the low intensity and the
complexity of the signals. However, a conspicuous 13C NMR
doublet at δ 93.8 (1JCH = 120 Hz) assigned to NbCHα correlates
(HMQC 13C–1H) with a 1H NMR signal at δ 2.25 for NbCHα.
The 1JCH is only slightly reduced compared to others within
the cyclohexyl ring (127 Hz) giving evidence for a non-α-agostic
NbCH. In the case of the isopropyl complex TpMe2NbCl-
(i-Pr)(PhC���CMe),18 the α-carbon of the α-agostic rotamer
resonates as a doublet centered at δ 126.4 with a 1JCH of 100 Hz,
whereas the α-carbon of the β-agostic rotamer resonates as a
doublet centered at δ 72.0 with a 1JCH of 141 Hz. Although
definitive spectroscopic evidence for agostic interactions resides
in a low 1JCH, which is not observed in 4�, it is interesting to note
a deshielded NbCHα in the 13C NMR spectra in our series of
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Table 2 Selected bond distances, angles and torsion angles for TpMe2NbCl(c-C5H9)(MeC���CMe) (3)

Bond length/Å Bond angle/� Torsion angle/�

Nb(1)–Cl(1) 2.430(1) Cl(1)–Nb(1)–C(1) 108.9(1) C(1)–C(2)–C(3)–C(4) 29
Nb(1)–C(1) 2.174(4) Nb(1)–C(1)–C(2) 121.8(3) C(2)–C(3)–C(4)–C(5) 41
Nb(1) � � � H(11) 2.21(4) Nb(1)–C(1)–C(5) 127.5(3) C(3)–C(4)–C(5)–C(1) 37
C(1)–C(2) 1.544(6) Nb(1)–C(1)–H(11) 79.9(24) C(4)–C(5)–C(1)–C(2) 19
C(2)–C(3) 1.523(6) C(2)–C(1)–C(5) 104.4(4) C(5)–C(1)–C(2)–C(3) 6
C(1)–C(5) 1.540(6) C(1)–C(2)–C(3) 106.5(3) Nb(1)–C(1)–C(2)–C(5) 154
  C(1)–C(5)–C(3) 105.7(4) N(5)–Nb(1)–C(1)–C(2) 11
  C(2)–C(3)–C(4) 103.6(4) N(5)–Nb(1)–C(1)–C(5) 137
    Cl(1)–Nb(1)–C(1)–H(11) 8

TpMe2NbCl(R)(PhC���CMe) (R = an α-agostic alkyl). NbCHα
chemical shifts range from δ 86.5 (R = Et) and δ 95.9 (R =
n-Pr) 15 to δ 126.4 (R = i-Pr) 18 and δ 135.8 (R = c-C5H9). Similar
deshielded Cα are observed for the α-agostic CpNbX(CH2-
tBu)2(=N-2,6-C6H3-i-Pr2) [X = Cl (δ 86.3), CH2tBu (δ 85.7)],50

whereas the non-agostic NbCHα resonates at higher field in the
18e complexes Cp2Nb(Et)(C2H4) (δ 11.2, 1JCH = 122 Hz),51 and
Cp2Nb(Et)(MeC���CH) (δ 13.8, 1JCH = 135, 140 Hz).52 Hence
caution must be exercised when interpreting 13C NMR chemical
shifts. The 11 : 1 ratio between 4 and 4� translates to ∆G �183 =
�3.8 kJ mol�1. Through a tentative assignment of a coalescence
temperature of 248 K for the two Hα NMR signals (∆ν =
1255 Hz), an activation barrier, ∆G ‡

248, for this process can be
estimated in the range 45–50 kJ mol�1.53

Closely related equilibria between α- and β-agostic species
have been observed in TpMe2NbCl(i-Pr)(PhC���CMe) and
TpMe2NbCl(sec-Bu)(MeC���CMe) via coalescence techniques,
and a similar barrier of 47.5 kJ mol�1 was measured for the
former.18 Direct observation of the dynamics of agostic
interactions in alkyl complexes has been largely confined to

Fig. 4 Variable-temperature 1H NMR spectrum (400 MHz, dichloro-
methane-d2) of TpMe2NbCl(c-C6H11)(MeC���CMe) (3) (* = residual
pentane).

β-agostic interactions. A windshield wiper motion has been
shown to exchange the two α-agostic sites in CpNb(CH2-
tBu)2(=Nt–Bu),50 and hindered rotation about the Cr–C bond
in [Li(thf )2]2[Cr2(CH2SiMe3)6] also involves an α-agostic inter-
action.54 A detailed study of equilibria between α- and β-agos-
tic rotamers in Cp*2YCH2CH2CH(CH3)2 and related complexes
has also appeared very recently.20b Isotopic perturbation of
resonance (IPR) NMR studies have been used to probe similar
phenomena in a range of tantalum complexes.20a,55,56

Computational analysis

In our previous papers, we have analysed the agostic bonding in
these systems in terms of the structures and relative energies
of three distinct rotamers, differing in their orientation about
the Nb–C bond. Successive rotations of approximately 120�
about this bond place the three different substituents on the
α carbon in the ‘agostic’ site, bisecting the Cα–Nb–Cl angle
(Scheme 1).

Optimised structural parameters and relative energies for
the three rotamers are summarised in Table 3 (R = c-C3H5

and c-C5H9). The first point to note from the Tables is that
the hybrid DFT/MM methodology accurately reproduces the
experimental trends discussed in the previous section. For the
cyclopropyl system, the most stable rotamer is A, where
the C(1)–C(3) bond is in the agostic site, while B and C lie
significantly higher in energy, consistent with the temperature
independence of the NMR spectrum. The structural charac-
teristics of 2a are also well reproduced, most notably the long
C(1)–C(3) bond (calc: 1.55 Å, X-ray: 1.539(4) Å). The opti-
mised parameters for rotamers B and C also confirm that an
agostic interaction occurs between the metal centre and which-
ever substituent happens to lie in the agostic site, leading to
elongation of C(1)–H(11) (B) and C(1)–C(2) (C). For the
cyclopentyl system, the relative energies of rotamers A and B
are reversed, and the latter, where the α-C–H bond lies in
the agostic site, is the most stable. The elongation of this bond
(1.12 Å) is consistent with the presence of an α-C–H bond,
as observed experimentally. On the basis of the calculated
energies, we propose that rotamer A is the most likely candidate
for the minor isomer observed in solution, 3�. It is interesting to
note that the two rotamers observed in solution are B (major)
and A (major), whereas for the isopropyl system, they were B
(minor) and C (major). Thus it appears that rotamer C is
strongly destabilised relative to A in the cyclopentyl system. We
return to this point in the following section.

The previous paragraph has shown that the ONIOM
methodology is able to reproduce the extremely subtle balance
between steric and electronic factors across the entire range
alkyl substituents, both cyclic and acyclic. In order to identify
the origin of these trends, however, we need to conduct a series
of additional computational ‘experiments’ that allow us to
separate the different factors involved. In particular, we aim to
answer the following questions: (1) why is rotamer A the most
stable for the cyclopropyl system, 2a, but the least stable for the
corresponding acyclic isopropyl? (2) why is an α-agostic C–C
interaction preferred over a β-agostic C–H in rotamer A for 2a
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Table 3 Optimised structural parameters and relative energies of rotamers A, B and C for LNbCl(R)(MeC���CMe), R = c-C3H5, c-C5H9

  
L = TpMe2 L = Tp5-Me

  A B C A B C

R = c-C3H5 Nb–C(1)/Å 2.16 2.16 2.18 2.16 2.17 2.17
 C(1)–C(2)/Å 1.51 1.51 1.53 1.51 1.51 1.54
 C(1)–C(3)/Å 1.55 1.51 1.52 1.54 1.50 1.06
 C(1)–H(11)/Å 1.09 1.11 1.09 1.09 1.11 1.09
 C(3)–C(1)–Nb–Cl/� 330 208 66 329 210 69
 Energy/kJ mol�1 0 26 34 0 15 12

R = c-C5H9 Nb–C(1)/Å 2.21 2.20 2.22 2.21 2.20 2.22
 C(1)–C(2)/Å 1.54 1.54 1.57 1.56 1.56 1.56
 C(1)–C(5)/Å 1.57 1.54 1.54 1.56 1.55 1.55
 C(1)–H(11)/Å 1.10 1.12 1.09 1.10 1.12 1.09
 C(5)–C(1)–Nb–Cl/� 334 264 101 348 245 101
 Energy/kJ mol�1 9 0 24 0 3 4

Scheme 1 Conformation of rotamers A, B and C in TpMe2NbCl(R)(MeC���CMe), R = i-Pr, c-C3H5 and c-C5H9.

and 2b? (3) why is rotamer C (β-C–H agostic) so strongly
destabilised relative to B in the cyclopentyl complex. As a first
step towards addressing these problems, each of the three rota-
mers was reoptimised using the modified ligand Tp5-Me, which
differs from TpMe2 only in the absence of the methyl groups in
the 3 position. We have shown previously that this modification
relieves the steric pressure on the coordinated alkyl ligand,
allowing electronic effects to dominate the position of the
equilibrium between rotamers. Optimised geometries for the
cyclopropyl and cyclopentyl complexes of Tp5-Me are also
summarised in Table 3. In the cyclopropyl system, the removal
of the pendant methyl groups does not change the identity of
the most stable rotamer (A), but does stabilise the other two
isomers relative to the ground state. This observation provides
an interesting contrast with the acyclic species, where precisely
the opposite effect was observed: the removal of steric bulk
stabilises A relative to B and C. The difference between the
isopropyl and cyclopropyl systems can be rationalised by com-
paring the nature of the steric interactions in the two cases
(Scheme 1, i-Pr vs. c-C3H5). As noted previously, the least
hindered site is the one bisecting the two nitrogen atoms, and
as a result, rotamers B and C, where a methyl group occupies
this position, are strongly favoured in the acyclic systems. In
the cyclopropyl case, however, the acute C(2)–C(1)–C(3)
angle draws C(2) and C(3) towards the methyl groups in the 3
positions in rotamers B and C, magnifying the steric clash. In
complete contrast, in rotamer A the acute angle draws C(2) and
C(3) away from the pendant methyl groups, reducing the steric
effects. Whilst these rather subtle effects are of importance in
developing our understanding of the systems as a whole, the

most significant feature for the cyclopropyl system is the fact
that steric effects do not determine the identity of the most
stable isomer – rotamer A, the C–C agostic case, is preferred in
both cases indicating that the origin of this preference must be
electronic. The most obvious differences between the cyclo-
propyl ligand and its acyclic counterpart are the acute C–C–C
bond angles, as a result of which the environment about each
carbon is far from tetrahedral. We have therefore chosen to
reinvestigate the ethyl complex (the simplest example where
both α- and β-agostic isomers are accessible) but with the bond
angles and torsions of the ethyl group constrained to replicate
those in cyclopropane (fixed parameters taken from a
calculation on cyclopropane with the same method: Nb–C(1)–
H(11) = 114�, H(11)–C(1)–C(3) = 118�, H(11)–C(1)–H(2) =
118�, C(3)–C(1)–H(11)–Nb = �146�, H(2)–C(1)–H(11)–Nb =
146�). Optimised geometries and relative stabilities for this
constrained ethyl system are compared to the corresponding
system where the ethyl ligand is allowed to optimise freely in
Table 4.

In the constrained system, only two rotamers, A and C, could
be located; all attempts to find a minimum for rotamer B led
instead to C. Most importantly, rotamer A, which is the least
stable for freely optimised ethyl complex, is strongly stabilised,
and is now the most stable by 21 kJ mol�1, confirming that the
highly distorted environment around the carbons in cyclo-
propane imposes a strong preference for rotamer A. The
relative weakness of the C–C bonds in cyclopropane, caused by
poor orbital overlap, is well established, and by constraining the
angles and dihedrals about the α carbon, we have effectively
imposed this instability on the ethyl group. The highly
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elongated C–C bond lengths in Table 4 are a direct consequence
of this poor overlap, but should not, in isolation, be interpreted
as evidence of strong agostic interactions, as similar elongation
occurs in the optimised structure of ethane under similar
constraints. We are confident, however, that the relative
energies of the different rotamers under these conditions are
meaningful for comparative purposes, and the fact that this
constraint leads to a stabilisation of rotamer A indicates that
the instability of the C–C σ orbitals in cyclopropane is the
dominant factor leading to the observed structure of 2a.

Before leaving this section, we note that an alternative
explanation for the elongation of the C–C bond could be made
based on cis-interactions between the C–C orbitals and those
involved in the bonding between the metal and the alkyne.
Similar interactions have been noted previously between co-
ordinated CO and an adjacent alkyne.57 However, we regard
this type of interaction as highly unlikely because of the geo-
metrical arrangement of the ligands in 2a. In well-defined
examples of this type of ‘cis interaction’, the alkyne is oriented
parallel to the π-acceptor CO orbital,57 whereas in 2a the alkyne
is coplanar with the trans pyrazolyl group, and sits in the
pseudo-symmetry plane of the complex.

Turning to the cyclopentyl system, a comparison of the total
energies for L = TpMe2 and L = Tp5-Me indicates that, in marked
contrast to the cyclopropyl system, the steric bulk does play a
determining role in the rotamer distribution, removal of the
pendant methyl groups reversing the relative stabilities of A
and B. Rotamer C is also strongly stabilised, and is now very
similar in energy to A. In the i-Pr system, a significant struc-
tural feature of the most stable rotamer (C) is an opening of
the Cβ–Cα–Cβ angle to 119�, simultaneously allowing the
system to optimise the agostic interaction and allowing the
other methyl group to occupy the least sterically hindered
position along the wedge. In the cyclic system, a comparable
opening of the Cβ–Cα–Cβ angle is not possible due to the con-
straints of the ring (Scheme 1), and rotamer C therefore is
unable to simultaneously optimise both agostic and steric
factors. Rotamers A and B, in contrast, are not effected in the
same way, as the corresponding angles, (Hα–Cα–Cβ in both
cases) are exocyclic. With rotamer C effectively factored out,
the cyclopentyl system is left with a choice between A and B.
In the former, an electronically favourable β-C–H agostic inter-
action is offset by the presence of two β carbons in the most
sterically hindered sites, while in the latter the steric repulsions
are minimised, but at the expense of forming a less favourable
α-C–H agostic bond (Scheme 1). The presence of both rotamers
in solution (and also their calculated energetic proximity) con-
firms that the balance between these two factors is a delicate
one but, in this case, the steric demand dominates, leading to
an excess of rotamer B. We have not performed explicit cal-
culations on the cyclohexyl systems, but we anticipate that
the situation will be rather similar to that described for c-C5H9.
The experimental data are certainly consistent with this pro-
posal, indicating a dominant α-C–H agostic (rotamer B) in
equilibrium with a minor species which, by analogy, we tenta-
tively assign as rotamer A.

Table 4 Comparison of optimised structural parameters and relative
energies of TpMe2NbCl(C2H5)(MeC���CMe) for free and constrained
optimisation

 
Unconstrained Constrained

 A B C A B C

Nb–C(1)/Å 2.22 2.18 2.22 2.14 – 2.18
C(1)–H(2)/Å 1.09 1.10 1.11 1.10 – 1.10
C(1)–C(3)/Å 1.54 1.52 1.53 1.72 – 1.71
C(1)–H(11)/Å 1.10 1.13 1.09 1.09 – 1.08
C(3)–C(1)–Nb–Cl/� 331 237 114 317 – 121
Energy/kJ mol�1 1 0 1 0 – 21

Summary
A detailed survey of the synthesis and properties of a series of
cycloalkyl niobium complexes has revealed a rich chemistry
which can be understood in terms of equilibria between dif-
ferent agostic rotamers. For the larger ring systems (c-C5H9 and
c-C6H11), a combination of the steric demands of the TpMe2

ligand and the inflexibility of the endocyclic bond angles com-
bine to favour an α-C–H agostic isomer (confirmed by NMR
and, for c-C5H9, X-ray crystallography). In contrast, the cyclo-
propyl systems show remarkable properties consistent with the
presence of an α-C–C agostic bond, a very unusual type of
interaction not observed in any of the other alkyl complexes we
have studied, either cyclic or acyclic. In this case the equilibrium
position is dominated by electronic factors, in particular the
instability of the C–C σ orbitals, which makes them more
effective two-electron donors than the surrounding C–H bonds
which usually dominate in agostic systems.
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