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’ INTRODUCTION

The low oxidation state chemistry of the heavier main group
elements has rapidly expanded over the past two decades.1 This
has given rise to numerous fascinating complex types, which, in
many cases, exhibit unusual structural and bonding patterns, the
nature of which is often hotly debated in the literature.2 In order
to gain an understanding of these patterns, a variety of theoretical
techniques have been applied to the analysis of bonding in low
oxidation state systems. However, the interpretation of the
results from such analyses often leads to contradictory conclu-
sions, even when spectroscopic data are available for the com-
pounds in question.1�3 Accordingly, it would be of great benefit
to apply nonspectroscopic experimental techniques to the anal-
ysis of the bonding and electronic properties of low oxidation
state main group complexes and to compare the results of these
analyses with those from theoretical studies. Experimental charge
density studies, derived from high quality X-ray crystallographic
data, provide the opportunity to achieve this. One particular
advantage of the experimental charge density method is that it
provides an analytical description of the electron density, which
can be analyzed according to the quantum theory of atoms in
molecules (QTAIM),4 thus providing quantitative information
about the interatomic bonding, which may be compared to an
identical approach to theoretical data. Successful application of
this method requires accurate intensity data and is becoming

increasingly widespread due to the enhanced performance of
diffractometer technology, such that this approach has been
applied to solve numerous chemical questions.5

There have been a few reports of the electron density
distribution in compounds containing low-valent main group
elements, one of these being a study of a Si(II) monohydride.6 In
two other recent studies,7 it has been shown that valuable
information on the highly unusual metal�metal bonding in a
magnesium(I) dimer, [{(DipNCMe)2CH}Mg]2 (Dip = 2,6-
diisopropylphenyl), can indeed be gained from experimental
charge density studies, in this case showing a non-nuclear
attractor between the two metal atoms. With the aim of applying
this technique for the first time to low oxidation state heavier
group 13 metal complexes, we have investigated the four-
membered gallium(I) heterocycle, [:Ga(I)Giso)] 1 (Giso =
[(DipN)2CN(C6H11)2]

�.8 This compound is kinetically stabi-
lized by the incorporation of a very bulky guanidinate ligand9 and
exhibits a two-coordinate gallium center, formally in the +1
oxidation state and bearing a lone pair of electrons. In view of
this, compound 1 falls into the class of heavier p-block N-hetero-
cyclic carbene (NHC) analogues, the coordination and other
chemistry of which is rapidly emerging.10 A theoretical study
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ABSTRACT: The experimental electron density of the only
known example of a four-membered Ga(I) N-heterocyclic
carbene analogue has been determined by multipole modeling
of 90 K X-ray diffraction data and compared to theoretical data.
In order to obtain a satisfactory model, it is necessary to modify
the radial dependency of the core electrons of Ga using two
separate scaling parameters for s,p- and d-electrons. Evidence
for significant lone-pair density on Ga is found in the electron density and derived properties despite the partial positive charge of
this atom. Static deformation density and molecular electrostatic potential clearly show a directional lone pair on Ga, whereas the
Laplacian of the total electron density does not; this feature is, however, present in the Laplacian of the valence-only density. The Ga
center also acts as an acceptor in four intramolecular C�H 3 3 3Ga contacts, whose nature is probed by density properties. Substantial
covalent character is apparent in the Ga�N bonds, but no sign of donation from filled N p-orbitals to empty Ga p-orbitals is found,
whereas π-delocalization over the organic ligand is evident. This study highlights the utility of experimental charge density analysis
as a technique to investigate the unusual bonding and electronic characteristics of low oxidation state/low coordinate p-block
complexes.
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carried out on a model of 1 indicated that while its Ga lone
pair possesses a high degree of s-character (4s1.904p0.37 by natural
bond orbital, NBO, analysis), it exhibits sufficient directionality
for the heterocycle to behave as an unconventional gallium
σ-donor ligand toward transition metal fragments. In contrast,
the high energy of its lowest unoccupied molecular orbital
(consisting largely of an empty p-orbital at Ga) implied that
the heterocycle would be a weak π-acceptor ligand.8 Subsequent
synthetic studies confirmed both hypotheses.11

Here, we describe the results of an experimental charge density
study on 1, which, in combination with theoretical analysis, not
only validates the presence of a weakly directional lone pair of
electrons at its Ga center but also allows for an in-depth picture of
its electronic structure to be assembled. To the best of our
knowledge, only one previous study has employed such methods
to study the electron density in a low-valent group 13 complex:
Flierler et al. examined the density in a dinuclear “borylene”
complex, concluding that this should be classified as a dimetallo-
borane rather than a borylene.12 In contrast, our use of a very bulky
guanidinate ligand allows the isolation and study of the gallylene
itself, free from the effects of metal complexation. Moreover, as
first pointed out by Bader13 and recently studied in great detail in a
series of papers by Scherer et al.,14,15 the electron density due to
the shell structure of elements heavier than argon is more complex
than for lighter elements such as boron. In particular, the valence n
quantum shell is not observed in the Laplacian of the electron
density, and instead the outer core (n� 1) shell is polarized by the
presence of ligands, giving rise to ligand-induced charge concen-
trations (LICCs) in these formally core orbitals. Such analysis has,
to date, only been applied to s- and d-block elements such as Ca,
Ti, and Nb: the current study is the first attempt to analyze these
effects in a heavy p-block element. The main analysis will focus on
a description of the spatial location of Ga lone pair density, which
finds no precedent in the charge density literature.

’EXPERIMENTAL AND COMPUTATIONAL METHODS

A single crystal specimen of 1 was selected and mounted in the cold
stream (90 K) from an Oxford Cryosystems cooling device, and it was
allowed to thermally equilibrate for 15min before data collectionwas carried
out using a Mo X-ray source from an Oxford Diffraction Excalibur
diffractometer. A total of 220 446 measured intensities were integrated
with the CrysAlis software,16 and a face-indexed absorption correction was
performed using the ABSPACK program.17 The data were merged with
SORTAV,18 resulting in the removal of 704 severe outliers to yield 35 419
unique reflections to a maximum resolution of 1.08 Å�1 and a completeness
of 98.8%. The internal agreement was 2.80%. The unit cell parameters
refined to a = 9.6399(2) Å, b = 10.5617(1) Å, c = 17.7407(2) Å, R =
107.1032(12)�, β = 95.2802(12)�, and γ = 97.5155(12)�. The crystal
structure was solved in space group P1 by direct methods.19 The final
independent atommodel (IAM) consistedof 378parameters and converged
to give R(F) = 3.8%, goodness-of-fit = 0.73 for all 35 419 reflections. This
model served as a starting point for themultipolemodeling (using the atom-
centered Hansen�Coppens formalism20) of the charge density using the
program XD.21

It is well documented that the description of the hydrogen atomic
parameters including anisotropic displacement is crucial in the search for
a satisfactory charge density model.22 Our approach to the refinement
was thus chosen in accordance with both our own experience23 and
some recommendations given recently.24 Therefore, an initial high-
order refinement (sin(θ)/λ > 0.8 Å�1) was employed to fix the positions
and atomic displacement parameters (ADPs) for all non-hydrogen
atoms, followed by refinement of hydrogen atom positions and isotropic

ADPs using all 9443 data below 0.7 Å�1, withX�Hbond distances fixed to
standard values from neutron diffraction.25 From this model, anisotropic
thermal parameters were calculated using the SHADE2 web utility.26 All
atomic position and thermal motion parameters were then fixed at these
values, and multipole modeling of electron density was attempted. R(F2)
values decreased as 4.14%, 3.84%, 2.74%, and 2.62% when lmax was
increased incrementally from 1 to 4. The details of the exact procedures
for multipole modeling are expanded in the following paragraphs, while
a detailed account of the procedure can be found in the Supporting
Information. Important crystallographic information is listed in Table 1.
This multipole model of experimental diffraction data is denotedmodelA,
and an ORTEP drawing based on this is shown in Figure 1.

Cartesian coordinates of a single molecule of 1 were extracted from
the final refinement and used in theoretical studies without further
modification. All theoretical data were obtained at the density functional
theory (DFT) BP86/6-31+G(d,p) level27 using Gaussian03.28 Satisfactory
convergence required use of density fitting, previously shown to have no
noticeable effect on calculated electron density data.7b Electron density
properties from theoretical data were evaluated using the AIMPAC,
AIM2000, and AIMAll packages,29 while further data on atomic and orbital
populations were obtained from the natural bond orbital (NBO)
method.30 An isolated molecule of 1 was placed in a cubic unit cell
measuring 20 Å in length and used to generate theoretical structure factors
to a (sin θ/λ) limit of 1.1 Å�1 usingDENPROP.31 The resulting projected
density described in terms of a multipole model is denoted model B,
whereas the primary density taken directly from DFT will be denoted
model C. Full details of model B are reported in Supporting Information.

’RESULTS AND DISCUSSION

Initially, the scattering factor for Ga was that for the neutral
atom taken from the internal data bank of XD, with [Ar]3d10 core

Table 1. Crystallographic Details

A B

formula Ga1C37H56N3

formula weight, g mol�1 612.57

crystal size, mm 0.39 � 0.25 � 0.20

crystal system, space group triclinic, P1 triclinic, P1

λ, Å 0.71073

T, K 90(1) 0

a, Å 9.6399(2) 20

b, Å 10.5617(1) 20

c, Å 17.7407(2) 20

R, � 107.1032(12) 90

β, � 95.2802(12) 90

γ, � 97.5155(12) 90

V, Å3 1695.23(4)

F(000) 660

μ, mm�1 0.84

Tmax, Tmin 0.881, 0.776

sin(θ)/λmax, Å 1.08 1.10

Nmeas, Nunique 220446, 35419 133874

Rint 0.028

average redundancy 6.2

completeness 0.988

Nobs, Nvar; (F
2 > 2σ(F2)) 29483, 753 133874, 1056

R(F), R(F2); F2 > 2σ(F2) 0.0191, 0.0194

R(F), R(F2); all data 0.0347, 0.0211 0.0017, -

goodness-of-fit 0.898
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and 4s24p1 electrons in the valence shell, because themonovalent
Ga+ scattering factor is not available in the data bank.32 Using this
scattering factor in the IAM refinement resulted in a large peak of
unmodeled residual density (0.9 e Å�3) close to the Ga-position
(Figure 2a), which was barely affected by the introduction of
multipoles or different combinations of (n,ξl) in the description
of the radial functions for valence density. The residual density
on Ga could not be removed by the introduction of anharmonic
thermal parameters, in contrast to what a recent study by
Pinkerton et al. suggested.33 Multipole modeling using theore-
tical structure factors B showed the same problem (residual
density on Ga of 0.3 e Å�3), and it was found that this residual
density could be significantly reduced by scaling the radial
dependencies of the Ga core densities for the 10 d-, 18 s-, and
p-electrons using the k-parameters available in the multipole
model; this dramatically improved the fit, as shown in Figure 2b.
Core scaling parameters (k) derived from theoretical dataBwere
0.9577(1) for the s,p-electrons and 1.0591(1) for the d-electrons,
i.e., the s,p-electrons are expanded and the d-electrons are
contracted, both sets by ca. 5% relative to the neutral atom in
the gas-phase. The absolute changes observed in the radial
dependency compared to the neutral atom are significantly larger
here than previously observed in an experimental charge density
study of Corundum.34

Our expectation was that convergence in the refinement of
this type of core scaling against experimental diffraction data

would be difficult to achieve, but we found that both core-scaling
parameters could be refined, leading to very similar values to
those found from theoretical data (k-parameters of 0.964(1) and
1.046(2) for s,p-electrons and d-electrons, respectively). In
contrast, a single core scaling parameter, as used in our recent
study of subvalent MgI,7 did not satisfactorily reduce the residual
density. The final model was therefore made using experimen-
tally refined core scaling parameters, such that the final model of
experimental data (A) does not rely on model B in any way. The
latter model is not subject to experimental noise nor to effects
such as absorption or extinction that might complicate matters.
However, it is based on a representation of the electron density in
a Gaussian basis set, which does not have the correct shape at
nuclear positions. Nevertheless, the fact that essentially identical
adjustments of the tabulated Ga core density appear from
independent experimental and theoretical approaches lends
credence to the physical significance of this effect. Full examina-
tion of the origin and generality of such features is beyond the
scope of this paper and will be treated in more detail in a
subsequent publication.

Following the refinements of this Ga split-core model, the
inclusion of hexadecapoles on C atoms was found to be
significant, leading to a substantial improvement of fit and
reduction in R(F2) from 2.07% to 1.94%. The residual density
map based on this final model (A) is shown in Figure 2b.

With a satisfactory model of the electron density in 1, proper-
ties of the valence density can be examined in detail. Table 2
reports the topological properties of selected bond and ring
critical points from models A and C. Agreement between
experiment and theory is good, with all important features
reproduced by both methods. Ga�N bonds exhibit low values
of electron density (F) and small, positive values of r2F at the
bond critical point (bcp), and the contrast between these and
the more typically covalent N�C bond is clear. However, energy
density data indicate that potential energy dominates even in the
Ga�N bonds, such that they are predicted to have significant
covalent character. Parameters such as kinetic energy per elec-
tron (G(r)) and ratio of potential to kinetic energy also indicate
covalent character in the Ga�N bonds. The ellipticity in the
Ga�N bonds is rather low, which suggests that these are σ-type
bonds, with no π-interaction between the formally filled N
p-orbitals and empty Ga p-orbitals orthogonal to the heterocycle
plane, supporting the proposed poor π-acceptor ability of Ga.
It is unlikely that the difference in ε between Ga�N(1) and
Ga�N(2) is significant, as all other properties of these bonds are

Figure 2. Residual density maps forA in theGa�N�C�Nplane, with contours at 0.1 e Å�3: (a) based on a single core scale factor for Ga and (b) based
on separate scaling of s,p- and d-core electrons for Ga.

Figure 1. ORTEP drawing of 1 shown at 90% probability ellipsoids.
The hydrogen atoms are omitted for clarity, except for the four H atoms
involved in intramolecular contacts with Ga.
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identical. Further, the differences in the ellipticities vanish in the
topological analysis of the theoretical density. On the other hand,
the guanidinate N�C bonds all have ε values in the range that
suggests π-type character. Again, in this group of bonds, the ε
values show a dispersion which is not necessarily significant,
as the longer C�N(3) bond may be expected to have the lowest
value of ε, contrary to the experimental model A.

As mentioned above, the Ga�N bonds show signs of cova-
lency judging from the significantly negative value of the total

energy density, H(r), which suggests that the potential energy
density, V(r), dominates at the bcp. The greater |V(r)| thanG(r)
may be interpreted such that electrons have a tendency to
accumulate in the bcp region. However, this impression is not
conveyed by the behavior of the Laplacian along the Ga�N
bond, as shown in Figure 3. Instead, this shows a positive value of
the Laplacian in an extended region ((0.4 Å) around the bcp,
which on the N-side goes into a valence shell charge concentra-
tion, or lone pair, while no evidence for valence shell charge
concentration on Ga is visible, similar to previous observations
for elements after and including the 3d metals. The shape of
Figure 3 may indicate that the Ga�N interaction is more
correctly termed a dative bond, with little covalent contribution:
this will be examined in more detail below. In Figure 3 the curve
from an IAM model is also included, showing very little
difference in the bcp region.

As highlighted in Figure 1, four Ga 3 3 3H�C contacts were
found in both experimental and theoretical data in addition to the
anticipated bonds within the covalent framework of 1. Table 2
reports properties at the bcp’s corresponding to these, showing
electron density to be an order of magnitude less than in the
Ga�N bonds. To investigate in more detail whether these
contacts could be termed hydrogen bonds, we have applied the
criteria proposed by Koch and Popelier for C�H 3 3 3Ohydrogen
bonds35 to these contacts, with full details reported in Supporting
Information Table S6. In all four cases, the electron density and

Table 2. Topological Properties at Selected Critical Points from Models A and Ca

bond F (e Å�3)

r2F
(e Å�5)

d(1-2)

(Å)

d(1-bcp)

(Å)

d(2-bcp)

(Å) ε G (hartree Å�3) V (hartree Å�3) H (hartree Å�3)

G/F
(hartree e�1)

Ga(1)�N(1) 0.56(1) 5.44(2) 2.091 1.05 1.05 0.10 0.56 �0.74 �0.18 1.00

0.50 5.27 0.99 1.10 0.06 0.51 �0.65 �0.14 1.02

Ga(1)�N(2) 0.56(1) 5.39(2) 2.094 1.05 1.05 0.03 0.56 �0.74 �0.18 1.00

0.49 5.20 0.99 1.10 0.06 0.50 �0.64 �0.14 1.01

N(1)�C(1) 2.40(2) �26.49(8) 1.350 0.78 0.57 0.15 1.41 �4.71 �3.30 0.62

2.27 �27.09 0.83 0.52 0.20 1.41 �4.72 �3.31 0.62

N(2)�C(1) 2.41(2) �24.95(8) 1.351 0.77 0.58 0.15 1.41 �4.71 �3.30 0.62

2.27 �27.01 0.83 0.52 0.20 1.41 �4.72 �3.31 0.62

N(3)�C(1) 2.30(2) �24.48(8) 1.373 0.80 0.58 0.19 1.31 �4.34 �3.03 0.61

2.14 �24.59 0.85 0.52 0.22 1.35 �4.42 �3.07 0.63

Ga�NCN ring 0.33(1) 4.84(1) 0.35 �0.37 �0.01 1.07

0.29 4.67 0.32 �0.31 +0.01 1.10

Ga 3 3 3H Interactions

Ga(1)�H(9C) 0.049(3) 0.684(1) 2.586 1.00 1.59 0.39 0.04 �0.03 0.01 0.76

0.078 0.598 1.04 1.55 0.22 0.04 �0.03 0.00 0.49

Ga(1)�H(12A) 0.040(1) 0.466(1) 2.912 1.14 1.77 1.36 0.03 �0.02 0.01 0.64

0.050 0.417 1.13 1.76 0.60 0.02 �0.02 0.00 0.49

Ga(1)�H(21A) 0.041(1) 0.497(1) 2.884 1.11 1.78 2.86 0.03 �0.02 0.01 0.66

0.052 0.470 1.12 1.75 2.87 0.03 �0.02 0.00 0.54

Ga(1)�H(24C) 0.048(2) 0.598(1) 2.700 1.09 1.61 0.29 0.03 �0.02 0.01 0.69

0.069 0.500 1.08 1.62 0.15 0.03 �0.03 0.00 0.46

C 3 3 3H�C Interactions

C(1)�H(8) 0.102(2) 1.307(1) 2.318 1.00 1.47 3.26 0.08 �0.07 0.01 0.77

0.103 1.324 0.96 1.37 0.65 0.08 �0.07 0.01 0.78

C(1)�H(23) 0.100(3) 1.277(2) 2.354 0.95 1.39 2.98 0.08 �0.06 0.01 0.77

0.098 1.269 0.98 1.40 1.22 0.08 �0.06 0.01 0.77
a First row data from model A, second row from C.

Figure 3. The Laplacian of F(r) along the Ga�N(1) bond path. The
y-axis is located at the position of the bcp in the Ga(1)�N(1) bond.
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its Laplacian are within the ranges set out for hydrogen bonding.
Koch and Popelier also specify changes in density and atomic
properties between isolated monomers and complexes that
signify hydrogen bonding: in this intramolecular case, “mono-
mer” properties cannot be evaluated. Instead, we compare
properties of the hydrogens involved in the C�H 3 3 3Ga contacts
with those of analogous hydrogens not involved in any contact.
One of the key criteria for hydrogen bonding is mutual penetra-
tion of the atoms involved, such that bonded radii are less than
nonbonded radii. We estimate the nonbonded radius of a
hydrogen in an isopropyl as 0.93 Å,36 significantly less than the
bonded radii extracted from Table 2 as the distances from H to
the bcp in the Ga�H interaction, such that all four contacts fail
this test. Other criteria are loss of electron population, energy,
dipole polarization, and volume of the hydrogen atom. All four
hydrogens have smaller volumes and dipole moments than their
counterparts, but only H12(A) and H21(A) fulfill the population
and energy criteria. It may well be that the criteria proposed for
C�H 3 3 3O contacts are inappropriate for C�H 3 3 3Ga ones, but
the lack of mutual penetration suggests that the interactions should
not be termed hydrogen bonds. A more detailed theoretical study
of model systems is underway and will be reported in due course.

The coordination chemistry of 1 and related molecules is
dominated by the ability of the Ga center to act as an electron pair

donor. To probe this ability in more detail, plots ofr2F(r) from
the final experimental model, along with equivalent theoretical
data, are shown in Figure 4. These plots reveal almost complete
sphericity of the density around Ga, and outside the core region
of Ga the Laplacian values are uniformly positive. No feature is
present that may indicate a lone pair of electrons, which is further
evidenced by the failure to locate any maxima in the Laplacian in
the valence shell of Ga from either experimental or theoretical
data. A one-dimensional plot away from the GaNCN ring (see
Figure S4, Supporting Info) shows positive r2F(r) over the
entire valence shell, albeit with a slight deviation frommonotonic
decrease between 1.1 and 1.4 Å. Within the four-membered ring,
the covalent nature of the N�C bonds is apparent from these
plots, as are the lone pairs on N(1) andN(2) directed toward Ga.
Agreement between experiment and theory is again excellent in
all plots considered.

It is interesting to note the slight differences near the central
C(1) above and below the Ga heterocycle plane. The C(1) atom
is covered by lobes of negativer2F in models B and C, whereas
no such negative lobes are present in the experimental model A.
In both of these directions, C(1) is involved in hydrogen bonding
with H(8) and H(23) from the tertiary C�H of the isopropyl
groups, with distinct bcp’s found. Properties evaluated at these
C�H 3 3 3C hydrogen bonds are also reported in Table 2, show-
ing slightly higher electron density and Laplacian values than the
C�H 3 3 3Ga contacts. There is a difference of only 0.03 Å in the
hydrogen bond distances (2.32 and 2.35 Å, respectively, to H(8)
and H(23)). This similarity is mirrored in their topological
properties, but the bond path is only entirely straight for the
C(1)�H(8) bond, not so for the C(1)�H(23) interaction.
While this type of hydrogen bond is unusual, a search in the
CSD reveals nine structures with H 3 3 3C distances below 2.35 Å
between a R3CH group and a CN3 moiety, with the shortest

Figure 4. Two-dimensional plots of r2F(r) showing (left) the
Ga�N�C�N plane and (right) a perpendicular section through the
Ga�N�C�N plane containing the Ga�C line. First line shows model
A, second line model B, and the third line modelC. Solid contours show
positive values of the Laplacian, and dashed lines show negative values at
intervals of 2, 4, 8 � 10n, with n an integer between �3 and 6.

Figure 5. Static deformation density plots in the same planes as Figure 4,
based on a reference model with a neutral Ga at the Ga(1) site, from
model A (top) and B (bottom). The difference plots show positive
density as solid lines and negative density as dashed lines at intervals
of (0.1 e Å�3. The zero contour has been omitted.
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interaction being 2.31 Å.37 C�H 3 3 3Chydrogen bonds have also
been observed on the basis of theoretical data.38

Figure 5 shows plots analogous to Figure 4 of the static
deformation density from models A and B, which indicates some
preferred orientation of the density, pointing in the expected
region of a lone pair of electrons. The large deviations near the
nucleus of Ga may be due to the lack of core scaling in the
reference model used for subtraction in the deformation density.
Significant reorganization of electron density relative to neutral,
spherical atoms is apparent in the valence regions of all atoms
shown, with values of 0.5�0.6 e Å�3 accumulated in the covalent
N�C bonds, while accumulation of 0.3�0.4 e Å�3 is evident in
the Ga lone pair region. The presence of such a feature on Ga is
particularly striking, because the density of a neutral atom is
subtracted from the formally Ga+ center and is in marked
contrast to the spherical Laplacian plots in Figure 4. The positive
deformation density in the lone pair region of Ga extends further
in the experimental modelA than in model B. However, it is clear
that both present a maximum exactly opposite the Ga�C(1)
direction in the expected lone pair region.

To analyze this feature further, plots ofr2F(r) from only the
Ga valence electrons are shown in Figure 6. In models A and B,
there are slightly less than three electrons in the Ga valence shells.
The plots in Figure 6 are in much better agreement with the
findings from the deformation density and confirm the presence
of accumulation of valence density in the lone pair region of Ga
compared to the regions around it. The noticeable difference
between all-electron (Figure 4) and valence-only (Figure 6) plots
ofr2F(r) suggests that this lone pair density, which stems from
about three electrons, is “swamped” by the Ga core contributions
to the extent that it becomes invisible in all-electron Laplacian
plots. This also explains why, as mentioned above, it has not been
possible to locate any (3,�3) critical points in the Laplacian
distribution around the Ga in the total electron density, which

would normally identify a region of charge concentration attri-
butable to a lone pair, such as it has consistently been observed in
theoretical and experimental charge density studies of N-hetero-
cyclic compounds5b and cyclopropenylidenes.39 It should be
noted that we were unable to definitively separate core and
valence canonical molecular orbitals, so analogous plots from
model C could not be obtained. However, it is notable that these
valence density features are found in the same region as the
deviation from monotonic decrease in radial Laplacian shown in
Figure S4 (Supporting Information). In this context, it is striking
that if the Ga 3d-electrons are retained as valence electrons, the
lone pair features on Ga disappear and the Laplacian around Ga
resembles that seen in Figure 4. It is important to notice that in
the expected lone pair region a (3,�1) or saddle point in the
negative Laplacian is located, rather than the (3,�3) or local
maximum seen in carbon compounds. Thus, the theoretical
assignment of a lone pair on Ga is called into question by the
experimental data. This fascinating contrast between light and
heavy p-block compounds is one which we are currently in-
vestigating, with results to follow in a subsequent publication.

Directionality in the valence-only r2F(r) distribution is
shown more clearly as an isosurface representation in Figure 7.
It is evident that this distribution possesses some structure
beyond that seen in Figure 6, which we ascribe to ligand-induced
charge concentrations (LICCs), or minima in r2F(r), whose
spatial distribution is shown in Figure S5 (Supporting In-
formation). This analysis reveals two distinct LICCs toward
both the N atoms as well as two more LICCs opposite the
heterocycle, thus resembling a square planar arrangement around
Ga, with valence density LICCs located approximately 0.6 Å
from the Ga nucleus. Model A also exhibits two further LICCs
inclined to the heterocycle plane, almost oriented toward the two
strongest Ga 3 3 3H interactions with H(9C) and H(24C), having
Ga�LP�H angles close to 150�, which may suggest that these
interactions are quite directional in nature.

The presence of a valence lone pair in 1 is further supported by
plots of the molecular electrostatic potential (MEP) calculated
from models A and C, projected onto the 0.001 au electron
density isosurface, as shown in Figure 8. A large area of negative
MEP (minimum = �22.4 kcal mol�1 in C) is present in the
expected lone pair region of Ga, along with shallower minima
associated with the aromatic rings. The ability of the isopropyl

Figure 6. r2F-distributions for (left column) the Ga�N�C�N plane
and (right) the perpendicular plane, as defined for Figure 4, (a) and
(b) from model A, (c) and (d) from model B, using only the Ga 4s,4p
valence electrons. Contours as in Figure 4.

Figure 7. Three-dimensional Laplacian distribution from the valence
electron density only ofmodelA using the isosurface value of�10 e Å�5.
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groups to protect the Ga center but leave enough of the surface of
this atom exposed to react is also apparent from these plots.

As well as local properties of the electron density, evaluation of
integrated properties over atomic basins gives complementary
information on the electron distribution in 1. Results for selected
atoms are reported in Table 3. This procedure proceeded
smoothly for the N and C atoms reported, but the split-core
scaling of the Ga core meant that the normal integration
procedure, using the TOPXD module of XD,40 failed for Ga,
leading to a deviation from overall charge neutrality of the
molecule.41 Table 3 therefore also reports atomic charges and
volumes, calculated over atomic basins directly from a three-
dimensional grid of total electron density using the BADER
program.42 Satisfactory integration was ensured by checking that
the sum of atomic populations was within 0.005 e of the total
number of electrons in the molecule.

Our best estimate of the atomic charge of Ga from model A is
+0.19, as obtained from the grid-based method. In light of the
problems noted above, this is a more reliable estimate of atomic
charge than the +0.04 obtained from TOPXD. Rather larger
positive charges are obtained from theoretical data, support for
which comes from NBO analysis, which gives a charge of +0.71
on Ga, very similar to that previously reported for a model
compound.8 Evidence for the oxidation state of Ga is therefore

rather mixed, although all data except the suspect TOPXD values
agree that Ga carries a partial positive charge with a numerical
value of rather less than +1. Charges on N and C atoms are in

Figure 8. Electrostatic potential mapped onto 0.001 au density surface, shown from two perpendicular directions. First row is from experimental data
modelA and second row is from theoretical datamodelC. The orientation is such that in (a) and (c) the view is along theGa 3 3 3C line in the heterocycle,
while (b) and (d) show the molecule side-on parallel to the heterocycle, and Ga to the right.

Table 3. Integrated Atomic Properties (au)a

QAIM (volAIM) QBADER LAIM μAIM loc (%)

Ga(1) +0.044(182.46) +0.188(202.3) 5.01� 10�4 1.021

+0.618(217.57) +0.629(245.7) �9.32� 10�5 1.711 97.4

N(1) �1.141(78.9) �1.147(78.2) 2.90� 10�3 0.195

�1.244(82.6) �1.240(79.3) 1.33� 10�4 0.223 78.3

N(2) �1.151(79.5) �1.134(74.8) 1.59� 10�3 0.218

�1.243(82.0) �1.251(78.4) �1.20� 10�4 0.219 78.3

N(3) �1.159(69.2) �1.146(66.2) 3.55� 10�3 0.059

�1.072(67.9) �1.075(66.5) 1.81� 10�4 0.127 76.6

C(1) +1.121(33.5) +1.135(33.6) 2.10� 10�4 0.008

+1.425(31.3) +1.429(34.2) 6.36 � 10�4 0.066 60.7
a First line gives model A, second line model C. The values for L and μ
correspond to AIM integrations, while localization in the final column
comes only fromDFT data. Volumes are given in parentheses next to the
atomic charges. L should be zero for satisfactory integration over an
atomic basin and so gives an estimate of the accuracy of numerical
integration.
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better agreement between methods, both showing negatively
charged nitrogens and positively charged C(1), as might be
expected on electronegativity grounds. Unlike the case of Ga,
methods of calculating atomic charges are consistent with one
another within each model, although differences of ca. 0.1 e are
apparent in charges on N and 0.3 e in C(1).

Both experiment and theory show significant dipolar polariza-
tion of Ga, the sign of which indicates that the centroid of density
within Ga’s basin is shifted toward the lone pair region, thus
supporting the conclusions drawn from maps above. Similarly, a
large negative eigenvalue of the quadrupole moment tensor on
Ga indicates that density is concentrated into the lone pair region
and depleted in orthogonal directions. The volume of the Ga
basin, truncated by interatomic surfaces and the 0.001 au density
surface, is very large at more than twice the values for N. As is
commonly the case, the DFT value is significantly larger than the
multipole-derived one, because the former is taken from an
isolated gas-phase molecule with no intermolecular contacts,
whereas the latter is an in-crystal value.

Integration of the overlap matrix over atomic basins defined
from model C allows calculation of the atomic overlap matrix
(AOM), from which localization and delocalization indices may
be derived. The localization of the electron density in a regionΩ
is determined by the fraction of the total Fermi correlation
contained within the boundaries of that region, the maximum
value of the Fermi correlation being �N(Ω).43 Such analysis is
only available on theoretical data because the multipole model
used for experimental data does not contain the necessary orbital
overlap matrix. Table 3 reports localization within the atomic
basins of selected atoms and shows that the density within the
basin of Ga(1) is highly localized. Of course, the localization of
Ga(1) is strongly affected by its large core: if 18 electrons
corresponding to the [Ar] core are omitted from this analysis a
value of 93.7% is obtained, still very high. Omitting a further 10
3d electrons results in a value of 67.3%, indicating that the 4s and
4p electrons are significantly delocalized. In contrast, nitrogens
and especially C(1) are highly delocalized, a result which is
expected given the delocalized nature of the Giso ligand.
The AOM can also be used to derive bond orders from the
extent to which the Fermi correlation extends across interatomic
surfaces.44 In this case, we calculate Ga�N bond orders of 0.49
for both bonds, in good agreement with the conclusions drawn
from the energy density at the bond critical point in Table 2. It
seems, therefore, that the Laplacian of the electron density is less
useful than energy density as a descriptor of covalent bonding, as
is often the case for heavier elements.45 Bond orders of 1.10 for
both N�C bonds within the ring and of 1.04 for N(3)�C(1) are
commensurate with the delocalized nature of the guanidinate
ligand.

’CONCLUSIONS

This study has highlighted the utility of experimental charge
density analysis for the study of the unusual bonding and
electronic properties of low oxidation state p-block systems.
The observation that not only the valence density but also the
core density of Ga+ bound in amolecule are significantly different
from the density of the free Ga atom or Ga+ ion is remarkable.
The fact that the experimental and theoretical data show strik-
ingly similar extents of radial contraction of the 3d-shell and
coexistent expansion of the s,p-electrons suggests that this is a
real physical effect due to the onset of chemical bonding.

Once a suitable model for the scattering from Ga is obtained,
investigation of the valence electron density distribution from
experimental data becomes possible. The chemistry of 1 is
dominated by its ability to act as a relatively strong σ-donor
but weak π-acceptor, properties which are rationalized on the
basis of the observed electron density. Unambiguous evidence
for the presence of lone pair density on Ga is found from static
deformation density plots, but similar features are only present in
Laplacian plots once the swamping effect of the 3d-electrons is
removed. The lone pair, predicted by DFT calculations to have
primarily s-character, shows significant directionality that leads it
to point away from the heterocycle. This is also evident in the
molecular electrostatic potential that, when plotted in on a
rendering of the molecular surface, manifests itself as a large
electronegative region, ready to interact with metal ions. How-
ever, despite the chemical analogy between 1 and N-heterocylic
carbenes, the lone pair density shows a significant difference
between Ga and C centers, with the lone pair in 1 corresponding
to a saddle point rather than a local minimum in the Laplacian of
the density. The weak π-acceptor ability of 1 is evident from the
lack of overlap between formally filled π-type nitrogen lone pairs
and the empty p-orbital on Ga, leading to purely σ-character in
Ga�N bonding . In summary, we believe that such analyses will
prove useful as an experimental “yardstick” by which to measure
the reliability of the many theoretical techniques that have been
applied to the study of low oxidation state main group complexes.
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