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Solid- and solution-state structures of indium ‘alkene analogues’
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Although the nuclearity of In(I) ‘carbenes’ is dependent upon
the steric demands of the supporting b-diketiminate ligand,
it is shown by solution NMR diffusion (DOSY) methods
that the In–In interactions observed in the solid-state are very
weak and not retained in solution.

Lappert’s report of the kinetically stabilised dimeric stannane diyl,
1, represented a watershed in our appreciation of the chemistry of
the heavier p-block elements.1 Although now recognised as the first
true heavy metal ‘alkene analogue’ (i.e. valence isoelectronic to a
C=C double bond), the discovery that the Sn–Sn ‘double bond’
is weak and not retained in solution indicated that this analogy
for principal quantum numbers ≥5 is tenuous at best and must
be tempered by considerations embodied by the classical inert
pair effect.1 Recent research in our laboratory has concentrated
upon the effects of varying the steric demands of indium diyls
supported by anions derived by deprotonation of the N-aryl
substituted iminoenamines, 2–5. Monomeric singlet indium diyls
were isolated when Ar = 2,6-iPr2C6H3 (e.g. 6),2 while use of less
sterically demanding N-mesityl subsituents permitted solid-state
dimerisation and the formation of compound 7,3 which may
be viewed as isoelectronic to the bis(stananne)diyls exemplified
by 1. Further moderation of the steric demands of the N-
aryl substituents to 3,5-Me2C6H3 resulted in the isolation of
a remarkable linear catenated hexa-indium complex, 9, which
displays behaviour consistent with a ‘r-delocalised’ manifold of
molecular orbitals.4 The dimeric compound, 7, featured a long In–
In interaction of 3.1967(4) Å in the solid state. Although instability
to reductive decomposition restricted a thorough assessment of the
solution molecularity of 7 by cryoscopy, our initial appraisal of
the strength of the In–In interaction present in the solid state, in
common with earlier analyses of oligomeric species containing
either In(I)–In(I) or Ga(I)–Ga(I) contacts, signified that it is
doubtful that anything other than transient In–In interactions
persist in solution.3,5 In this report we detail a further In(I)
complex that is similarly dimeric in the solid state. We also offer
an experimental assessment of the molecularity of these species in
solution from NMR-based diffusion measurements and consider
the consequences of these data in relation to the nature of the M–
M interactions in diyls of the heavier Group 13 elements.

Compound 8 was synthesised by a similar method to that
reported for all our previous indium complexes,2–4 involving a
simple metathesis reaction between the potassium b-diketiminate,
[CH{(Me)CN-(2,6-Me2C6H3)}2K], and InI in THF. Extraction
and crystallisation from hexane produced the analytically pure
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compound, [CH{(Me)CN-(2,6-iMe2C6H3)}2In] in reasonable (ca.
40% isolated) yield as pale orange/red crystals. The room tem-
perature 1H and 13C NMR spectra of the isolated material were
very simple and indicated C2 symmetry about the In centre.† A
single crystal X-ray structural analysis (Fig. 1)‡ revealed that 8
dimerises in the solid-state in a similar manner to that observed in
the N-mesityl analogue, compound 7. The most notable contrast

Fig. 1 ORTEP diagram of 8 (50% probability ellipsoids). H atoms omit-
ted for clarity. Selected bond lengths [Å] and angles [◦]: In–N(1) 2.266(2),
In–N(2) 2.270(2), In–In′ 3.3400(5), N(1)–C(1) 1.328(4), N(1)–C(6)
1.432(4), N(2)–C(3) 1.328(4), N(2)–C(14) 1.443(4), C(1)–C(2) 1.396(5),
C(2)–C(3) 1.402(4); N(1)–In–N(2) 82.00(9), N(1)–In–In′ 109.72(7),
N(2)–In–In′ 112.33(6), In–N(1)–C(1) 129.0(2), In–N(2)–C(3) 129.0(2),
N(1)–C(1)–C(2) 124.3(3), C(1)–C(2)–C(3) 129.9(3), C(2)–C(3)–N(2)
124.2(3). Symmetry transformations used to generate equivalent
atoms: ′ −x + 1, −y + 1, −z + 1.
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to the structure of 7 is the conspicuous elongation of the In–
In distance [3.3400(5) Å] in 8 despite what could be interpreted
as a minor reduction in the steric protection of the In centres by
replacement of the p-Me groups of the flanking N-aryl substituents
with protons. This value is, in fact, in close agreement to the
In–In separation determined by our DFT (B3LYP/LAN2DZ)
calculations on the model complex [CH{(H)CNH}2In]2, 10 [3.388
Å], which we described as ‘overestimated’ in comparison to that of
7 in our previous communication.3 Independent of our research,
an even longer In–In distance [3.428 Å] was calculated by Su
et al. for the more realistic model species [HC{(Me)CNPh}2In]2,
11.6 Both calculations interpreted the In–In bonding in these
complexes in a similar manner to that described for the rather
more well precedented ‘alkene analogues’ of the heavier Group
14 elements via the formation of polarised donor–acceptor
interactions between the metal centres, such as that depicted
for the bis(stannane)diyl, 1. A complementary molecular orbital
description ascribes increased non-bonding (or even antibonding)
character to the bu HOMO (via p/r* mixing, Fig. 2) with
increasing principal quantum number of the valence orbitals of
the Group 13 or 14 element. Both of these bonding models require
somewhat localised interactions to be constructed from the diffuse
atomic orbitals of the fifth quantum shell. Pyykkö has suggested
that the M–M bonding within dimeric In(I) and Tl(I) species
are better regarded as non-directional but attractive closed shell
interactions analogous to those more commonly observed between
gold(I) centres.7,8 On the basis of relativistic calculations the
trans-bent geometries observed in the experimentally determined
dimeric structures of [C5(CH2Ph)5M] (M = In, Tl) were reasoned
to be a result of crystal packing forces.9 It seems likely, therefore,
that this interpretation of the In–In bonding within 7 and 8 is
equally, if not more, realistic.

Fig. 2 Possible p/r* mixing in ‘heavy alkenes’.

While the demarcation between the different bonding models
is unclear, it is evident from both the experimental and computa-
tional data that the In–In interactions within 7 and 8 are very
weak. Although we proposed in our previous communication
that it was highly unlikely that the In–In interactions within
compound 7 (and in this communication, compound 8) persisted
in solution,3 attempts to provide an experimental verification
of this contention by cryoscopic methods were fruitless due to
the solution instability of both complexes. An alternative means
to determine the molecular volume and apparent hydrodynamic
radii, rH, of molecular species has recently come to the fore
through the application of NMR pulse gradient spin echo (PGSE)
techniques to the direct measurement of molecular diffusion
coefficients, D, in solution.10 PGSE data are easily acquired and

may be presented as a 2D spectrum in which the chemical shift is
displayed in the first dimension and the diffusion coefficient in the
second one. These experiments are referred to as diffusion ordered
spectroscopy (DOSY) and are independent of either concentration
or even sample purity as long as the resonances of the species
of interest are clearly defined. Indeed, such measurements have
even been labelled ‘NMR chromatograms’ due to the ease with
which specific resonances may be correlated by simple reference to
their apparent diffusion coefficients.10 Once values of D have been
determined for the species of interest, these may be related directly
to the hydrodynamic radii via the Stokes–Einstein equation (eqn
(1), where g = viscosity of the solvent at the temperature of the
NMR experiment).

rH = kT
6pgD

(1)

The diffusion coefficients of the indium species, 6, 7 and 8, along
with those of the iminoenamine precursors, 2–4 were determined
in benzene solution at 298 K. Table 1 lists the experimentally
determined values of D for each of the compounds together with
the apparent hydrodynamic radii calculated using eqn (1). Also
listed are radii (rmono and rdimer), estimated from the solid-state
crystallographic data for both monomeric and, where appropriate,
dimeric formulations of 6, 7 and 8. These latter values were
calculated from the crystallographic coordinates through use of
the ‘sp volume’ keyword of the Gaussian03 suite of programmes
and an assumption that the tumbling molecules are ‘spherical’ (i.e.
volume = 4/3pr3) with regard to their apparent radii in benzene
solution.11

Examination of the data in Table 1 shows that the the rH values
from the DOSY measurements show an acceptable agreement with
those calculated for the mononuclear species, rmono, in all three
cases. Although the absolute values obtained from the solution
measurements should be viewed with caution, it is clear that the
trend of reducing radius (i.e increasing D) with decreasing N-aryl
bulk of the supporting ligand environment may be confidently
interpreted as the result of an analogous monomeric formulation
of 6, 7 and 8 in C6D6 solution. This is further illustrated by the
DOSY correlation spectrum in Fig. 3 resulting from measurements
on a (1 : 1 : 1) three-component mixture of the compounds under
study, which neatly emphasises the use of the PGSE technique
as a form of ‘NMR chromatography’. The values listed for the
three ligand precursors, 2–4, show a similar trend of reducing rH,
but are are actually slightly higher than the corresponding indium
derivatives. This is possibly a result of the greater degree of freedom
of the uncoordinated species.

Table 1 Diffusion coefficients and calculated radii of 6–8 and 2–4

D/10−10 m2s−1 rH
a/Å rmono

b/Å rdimer
b/Å

6 6.95 4.93 5.13 —
7 7.58 4.49 4.96 6.04
8 7.63 4.37 4.62 5.66
2 6.50 5.23 — —
3 7.39 4.60 — —
4 7.67 4.43 — —

a Calculated using eqn (1). b Calculated (Gaussian03) from crystallographic
coordinates as detailed in text.
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Fig. 3 DOSY spectrum of a 1 : 1 : 1 mixture of compounds 6 (red), 7
(blue) and 8 (black).

Fig. 4 ORTEP diagram of 12 (20% probability ellipsoids). H
atoms omitted for clarity. Selected bond lengths [Å] and angles
[◦]: In(1)–O(1) 2.014(4), In(1)–O(3) 1.977(5), In(1)–N(1) 2.188(5),
In(1)–N(2) 2.179(5), In(2)–O(1) 1.998(4), In(2)–O(2) 1.999(5), In(2)–N(3)
2.163(5), In(2)–N(4) 2.169(6), In(3)–O(2) 1.972(5), In(3)–O(3) 2.006(5),
In(3)–N(5) 2.187(5), In(3)–N(6) 2.163(5); N(1)–In(1)–N(2) 87.9(2),
O(1)–In(1)–O(3) 116.77(19), N(3)–In(2)–N(4) 87.8(2), O(1)–In(2)–O(2)
117.5(2), N(5)–In(3)–N(6) 87.7(2), O(2)–In(3)–O(3) 117.7(2).

Although we are continuing to explore the oxidative reaction
chemistry of the In(I) compounds, 6–8, the monomeric and
‘carbene-like’ formulation of all three species in hydrocarbon
solution indicates that this reactivity will almost certainly exclude
‘olefin-like’ addition chemistry (i.e. with maintenance of an In–
In interaction) for compounds 7 and 8. Indeed, any divergence
of reactivity of 6, 7 or 8 with oxidising reagents is likely to be
solely a result of kinetic factors and the differing steric demands
of the supporting ligands. For example, a hexane solution of the
o-xylyl substituted complex 8, rapidly decolourises when exposed
to air and deposits the trimeric indium oxide, 12, (Fig. 4)‡ as the
only reaction product. Although the outcome of a similar reaction
of the more sterically hindered compound 6 has not yet yielded
a definitive result, it is likely that the indium oxide will have a

dimeric constitution by analogy to the known gallium oxide and
sulfide species, [HC{(Me)C(2,6-iPr2C6H3)}2GaE]2 (E = O or S).12

We are continuing to sudy the reactivity of these, and related,
well defined In(I) species.

We would like to thank the Royal Society for a University
Research Fellowship (MSH) and Mr Peter Haycock for assistance
with the diffusion NMR measurements.
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calcd C 60.02, H 6.00, N 6.67; found C 60.12, H 6.00, N 6.57%; 1H NMR
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