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Abstract
The N – Si interaction in two pentacoordinated silicon compounds is investigated based on a complementary bonding analysis, which consists of bonding descriptors from real space and orbital space.
These are derived from X-ray wavefunction refinements of high-resolution X-ray diﬀraction data of
single crystals and from isolated-molecule theoretical wavefunctions. DELETED The two pentacoordinated compounds only diﬀer in one methylene group, so that the amino substituent is more flexible
in one of the structures, hence probing the attractive or repulsive character of the N – Si interaction.
All studies suggest weak dative interactions, which do, however, greatly influence the character of the
Si – F bond: A strong N – Si interaction results in a weakened Si – F bond, which is quantified in this
study experimentally and theoretically.

1

Introduction

In contrast to SN 2 reactions involving carbon electrophiles, where the pentacoordinated species is always
a transition state, in silicon chemistry pentacoordination can lead to stable complexes depending on the
substitution pattern. 1–3 Therefore, numerous compounds with pentacoordinated silicon atoms are found
1
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in the literature. 4–11 Pentacoordinated silicon compounds in the solid state have, e.g., been used as model
systems for the experimental simulation of SN 2 reactions at silicon atoms according to the structure correlation 12 philosophy. 13–19 Moreover, N-Si interactions in high-coordinated silicon compounds were subject
of experimental charge-density analyses. 20–22 In the present paper, we analyze the bonding situation in
two silicon compounds (1 and 2), which are depicted in Figure 1, by quantum crystallography. 23,24 In
both of these structures, the nitrogen atom is coordinated to the silicon, thus, inflicting a certain degree
of pentacoordination. DELETED

Figure 1: Resonance structures involving the nitrogen lone pair of the Me2 N (1a-c) and Me2 NCH2
(2a-b) substituted compounds
The compounds only diﬀer in that compound 2 has a methylene group bridging the amino group and
the naphthalene unit. In compound 1, the N – Si interaction is a peri-interaction, which is enforced by
spatial proximity. 25 Hence, the interaction always has an attractive and a repulsive component. For periinteractions, there are attempts to computationally estimate the ratio of attractive and repulsive energies
by isodesmic exchange calculations. 26 Here, we follow a diﬀerent approach: In compound 2, free rotation
around the methylene group allows the N – Si contact to avoid all enforced interactions, and hence it can
serve as a measure of the degree of attractive or repulsive interactions. One of the main objectives of the
present paper is to uncover the diﬀerences of the N – Si interaction resulting from the additional methylene
group in compound 2. There are three factors diﬀerentiating compounds 1 and 2:
1. The additional methylene group makes the Me2 N group rotationally flexible, so a closer approach of
the nitrogen atom towards the silicon atom is possible, or, in turn, avoidance of the contact leading
to a longer N – Si distance.
2. The additional methylene group in compound 2 makes one of the substituents bulkier, which causes
2
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a higher steric repulsion compared to compound 1.
3. Only in the Me2 N substituted compound 1, the nitrogen lone pair is involved in a resonance with the
aromatic system of the naphthalene unit leading to resonance structure 1c depicted in Figure 1. It
is this resonance that causes the reactivity and basicity diﬀerences between aniline and benzylamine
functional groups.
The N – Si interaction itself may be represented by resonance structures 1b and 2b for compounds 1
and 2, respectively. DELETED In terms of a localized orbital picture, this interaction can be classified
as negative hyperconjugation with the nitrogen lone pair acting as a donor orbital and the Si – F localised
antibonding orbital acting as an acceptor orbital. 27 Resonance structures with both N – Si and Si – F bonds
are not considered, because these hypervalent bonding representations suggest d-orbital participation,
which has been shown to be insignificant for bonds involving atoms from the second and third periods. 28–33
We have discussed previously that a joint application of bond analysis methods from real space (e.g.
Quantum Theory of Atoms in Molecules, QTAIM, 34 and the electron localizability indicator, ELI-D 35 )
and orbital space (e.g. natural bond orbitals, NBO 27,36 ) enhances the information value due to the complementarity of the methods (complementary bonding analysis). 37–39 In the present study, we apply QTAIM,
ELI-D, NBO and unconstrained ELMO-VB (extremely localized molecular orbital valence bond) 40,41 analyses to shed light on the N – Si interaction and related bonding properties. The results are produced
using X-ray wavefunction refinements (XWR) 42,43 of high-resolution single crystal X-ray diﬀraction data
measured at the synchrotron SPring-8 in Japan. XWR is a novel method from the field of quantum
crystallography. 23,24 For a comparison, purely theoretical calculations were performed in addition.

2
2.1

Experimental and computational details
Synthesis

Synthesis of the Me2 N substituted compound (1)
Previously, compound 3 was synthesized by Carré et al. 44 However, in this study an alternative route
was chosen. 12.52 mL (1 equiv) of n-BuLi (2.5 M, in n-hexane) were added at 0°C to a solution of N,N dimethylnaphthalen-1-amine (5.36 g, 31.3 mmol) in 35 mL of diethyl ether. The mixture was stirred for 48
h at room temperature. The formed precipitate of the lithiated product was filtered oﬀ, and washed with
pentane (2 x 20 mL) under argon; then it was dried for 30 min in oil-pump vacuum at room temperature.
The solid product was transferred into a 100 mL Schlenk flask, and then 40mL of diethyl ether was added.
The mixture was cooled to -60°C, and 4.46 g (23.3 mmol, 1.3 equiv) of PhSiMeCl2 was added through
a syringe. The cooling bath was removed after 30 min, and the mixture was stirred for 24 h at room
temperature. The formed precipitate was filtered oﬀ under argon, and washed with diethyl ether (2 x
5 mL). Diethyl ether was evaporated, and the rest was recrystallized from a saturated hot diethyl ether
solution (under argon) giving 1.2 g (20%) of the clean product 3. The white precipitate, which was
3
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collected after first filtration of the reaction mixture, was mixed with 20 mL of CH2 Cl2 , and the mixture
was filtered to remove LiCl. The solvent was evaporated giving 3.6 g (61% yield) of 3.

Scheme 1
0.55 g (1.69 mmol) of 3 were added to a mixture of dried CsF (2.56 g, 16.9 mmol) in 20 mL of
monoglyme. The mixture was refluxed for 12 h, and cooled to ambient temperature. 20 mL of CH2 Cl2
was added, and then the reaction mixture was filtered under inert atmosphere. The solvents were removed
in oil-pump vacuum. The residue was recrystallized from an n-hexane/CH2 Cl2 mixture giving 0.318
g (61%) of the fluorinated product 1. Colorless good quality single crystals of 1 were grown by slow
evaporation of the solvents under air from an n-hexane/CH2 Cl2 ( 80/20 v/v) mixture. The fluorinated
product 1 becomes darker after two to three weeks of storage at ambient conditions. However, 1 is stable
for a long time under inert atmosphere.
Synthesis of the Me2 NCH2 substituted compound (2)
-Dimethylaminomethylnaphthalene was prepared according to the literature. 45 3.10 mL (1 equiv) of nBuLi (2.5 M, in n-hexane) was added at 0°C to a solution of

-dimethylaminomethylnaphthalene (1.44

g, 7.77 mmol) in 25 mL of diethyl ether. The mixture was stirred for 24 h at room temperature. The
mixture was cooled to 0°C, and left to stay without stirring for a few hours. The dark red supernatant
was removed using a syringe, and the solid lithiated amine was dissolved in 50 mL of diethyl ether. The
mixture was cooled to -50°C, and 1.98 g (10.9 mmol, 1.4 equiv) of PhSiMe(OMe)2 was added dropwise
through a syringe. The cooling bath was removed after 30 min, and the mixture was stirred for 24 h
at room temperature. The solvent was evaporated, and the residue was kept for 4 h in oil pump vacuo
at 200°C giving 2.24 g (86%) of raw 4. The product 4 was used in the next step without additional
purification. 0.91 g (2.71 mmol) of 4 was diluted in 15 mL of n-hexane. The solution was cooled with an
ice bath, and BF3 -etherate (0.19 g, 1.34 mmol) was added. The mixture was intensively stirred for 2 h
at room temperature. The n-hexane phase was removed into another 50 mL Schlenk flask by a syringe.
The solid residue was washed with hot n-hexane (3 x 5mL). All n-hexane fractions were combined in the
4
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Schlenk flask containing the n-hexane phase collected from the reaction mixture. The solvent was removed
in oil pump vacuo. The white solid obtained was recrystallized three times from a hot saturated solution
in n-hexane in inert atmosphere giving 0.40 g (48%) of 2.

Scheme 2
The slightly yellow residue left in the reaction flask after washing with n-hexane was dissolved in a
small amount of CH2 Cl2 (ca. 2 mL). 10 mL of n-hexane was carefully layered on top of the CH2 Cl2
solution. During the solvents diﬀusion at room temperature white crystals of 5 were formed. The solvents
were removed using a syringe, and the product 5 was recrystallized twice in the same manner from a fresh
CH2 Cl2 /n-hexane mixture giving 0.156 g (14%) of 5.
1 H-, 1 3C-, 19 F-, 29 Si-NMR

and high-resolution mass spectrometry data of all synthesized compounds

are found in the supporting information.

2.2

Quantum crystallography

Single crystals were obtained from these compounds as explained in the preceding section. High-resolution
X-ray diﬀraction experiments were carried out. For compound 1, the X-ray diﬀraction experiment was
performed at the synchrotron SPring-8 (Hyogo, Japan) at a temperature of 20 K. For compound 2, the
X-ray diﬀraction data set was obtained from an in-house measurement with a Bruker D8 Venture at
100 K. Crystallographic information of these structures is given in Table 1. This table also contains the
crystallographic information of compound 5, for which a measurement was performed at SPring8.
After a structure refinement with spherical structure factors (independent atom model), an X-ray
wavefunction refinement (XWR) was carried out for compounds 1 and 2. 42 The first step of an XWR
consists of a Hirshfeld atom refinement (HAR) which corresponds to a structure refinement with tailormade aspherical structure factors obtained from an ab initio wavefunction (level of theory: HF/def2-TZVP)
by application of Hirshfeld’s stockholder partitioning scheme. 46,47 Cluster point charges and dipoles in a
5
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Figure 2: Molecular structures of the Me2 N substituted (left, 1, only one out of two symmetryindependent molecules is shown) and Me2 NCH2 substituted (right, 2) compounds after HAR (ellipsoids
are shown at a probability of 50%). Free refinement of hydrogen anisotropic displacement parameters
sometimes leads to non-positive definite values (here seen for 1), but the C – H distances are most accurate
nontheless. A detailed discussion about this is found in the literature. 42,48–50
radius of r = 8 Å were used to mimic the crystal environment. The refined crystal structures are shown
in Figure 2. There are two molecules in the asymmetric unit of the Me2 N substituted compound 1.
Therefore, properties from both units are given in the following.
In the second step, a wavefunction was fitted to the experimental diﬀraction data using the same level
of theory (X-ray constrained wavefunction fitting, XCW). 51 Crystallographic details for compounds 1 and
2, as well as for compound 5, can be obtained from the Cambridge Structural Database numbers listed in
Table 1.
Geometry optimizations of the two isolated molecules (1 and 2) were carried out with Gaussian 09 at
the B3LYP/aug-cc-pVTZ level of theory and application of a dispersion correction (GD3BJ). Frequency
analyses were performed to make sure that the optimized structures correspond to minima on the potential
energy surfaces.
The X-ray constrained wavefunctions as well as wavefunctions obtained from the geometry optimizations were analyzed with a variety of methods to investigate the bonding situation in these compounds.
The NBO analysis was performed with NBO 6.0, 52 and for the QTAIM analysis AIMall 53 was applied.
The ELI-D analysis was performed with Dgrid 5.0. 54

6
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Table 1: Crystallographic information and refinement statistics.

Empirical formula

Me2 N, 1

Me2 NCH2 , 2

SPring8

Home

Me2 NCH2 (protonated), 5
SPring8

C19 H20 FNSi

C20 H22 FNSi

C20 H23 FNSi+ BF4 –

Space group

P2(1)2(1)2(1)

P2(1)/c

Pn

Crystal system

Orthorhombic

Monoclinic

Monoclinic

a /Å

9.5986(19)

7.5718(3)

13.131(3)

b /Å

11.430(2)

17.2362(6)

7.7980(16)

c /Å

29.056(6)

13.0930(5)

21.291(4)

↵ /°

90

90

90

/°

90

95.9760(10)

99.58(3)

/°

90

90

90

wavelength /Å

0.4133

0.71073

0.4015

T /K

25(2)

100(2)

20(2)

Crystal dimensions /µm3

80x60x50

137x179x212

250x180x130

sin(✓)/

0.83

0.91

1.11

Rint

0.0304

0.0439

0.0435

max

/Å

1

Nmeas , Nuniq

71871, 15418

183013, 10700

134595, 44848

Nobs (F >4 )

15240

8971

34497

Redundancy

4.66

17.1

3.0

Completeness

1.00

1.00

0.99

1937692

1937643

1937940
0.0602

CCDC no.

After IAM
R1

0.0344

0.0354

wR2

0.0918

0.1082

0.1818

-0.56/0.81

-0.34/0.62

-0.88/1.65

⇢min/max /eÅ

3

After HAR
R1

0.0251

0.0231

–

wR2

0.0430

0.0322

–

-0.28/0.37

-0.22/0.17

–

⇢min/max /eÅ

3

After XWR
0.15

0.20

–

R1

0.0244

0.016854

–

wR2

0.0398

0.026609

–

-0.27/0.33

-0.19/0.16

–

max

⇢min/max /eÅ

3

3

Results and discussion

The analysis of structural parameters provides first hints regarding the bonding situation in compounds
1 and 2. Table 2 gives a selection of structural parameters of the refined crystal structures and isolatedmolecule optimized structures. The N – Si distances in the crystal structures of both compounds are much
shorter than the respective N – Si distances of the structures resulting from isolated-molecule optimization.
The reason for this is that the electric field of the crystal causes a charge stabilization, which favors a more
ionic fluorine atom and, thus, the weights of resonance forms 1b and 2b are more significant in the crystal
structure compared to the same resonance forms 1b and 2b in the isolated molecule. This coincides with
the N – Si distances being shorter and the Si – F bonds being somewhat elongated in the solid state. If a
geometry optimization is performed with an implicit water solvation without changing any of the other

7
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input parameters, the N – Si distances in the Me2 N substituted compound 1 and the Me2 NCH2 substituted
compound 2 are 2.677 Å and 2.415 Å, respectively, which are close to the distances obtained in the crystal
structures. This means that both the electric field imposed by the neighbors in the crystal packing and
the neighbors in a water solvation shell can stabilize an ionic bonding situation, thus enhancing the N – Si
interaction. Interrelations between the structure of compounds with N-Si dative bonds and the polarity
of the surrounding medium have been analysed before. 55,56
The N – Si interaction seems to be stronger in the Me2 NCH2 substituted compound 2, which is implied
by a shorter N – Si distance. In turn, the Si – F bond in compound 2 is slightly elongated. With respect
to the simulation of SN 2 reactions according to references 13–19 , the shorter N – Si distance and elongated
Si – F bond length in compound 2 could be interpreted as a more advanced progression of the SN 2 pseudoreaction. Therefore, it is suggested that resonance structure 2b is more significant than resonance structure
1b, see discussion below. At the transition complex (an intermediate state) of an SN 2 reaction, the Si – F
bond is oriented approximately 90° to the axial substituents. 1 In fact, the average of these angles is closer
to a value of 90° in compound 2, see Table 2. This is another indication that the Me2 NCH2 substituted
compound 2 is closer to a transition complex than the Me2 N substituted compound 1, but since all
R – Si – F angles exceed a value of 90°, a transition complex is not yet achieved. For compound 2, the
N – Si – F angle is close to 180°. For compound 1, on the other hand, the N – Si – F angle is below 180°.

Figure 3: Molecular structures of compound 5 with two symmetry-independent C20 H23 FNSi+ BF4 –
units after IAM; disorder in solvent dichloromethane, anisotropic displacement parameters displayed at
50% probability.
Figure 3 shows the crystal structure of compound 5 after a refinement based on the IAM. There are
8
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two C20 H23 FNSi+ BF4 – units in the asymmetric unit of the crystal structure. The compounds in the
structure are the protonated form of the Me2 NCH2 substituted compound 2. The protonated nitrogen
atom can no longer serve as a lone pair donor in the hyperconjugative interaction between the nitrogen
lone pair and the Si – F localised antibonding orbital. Instead, an intramolecular hydrogen bond between
the fluorine atom and the N – H bond is obtained for one of the symmetry independent units; for the other
unit, there is an intermolecular N – H···F hydrogen bond. Consequently, the nitrogen, silicon and fluorine
atoms are no longer located on a straight line, but span angles of 45.40° and 44.75°. The N – Si distance
is r(N – Si) = 3.669 Å and 3.683 Å, which demonstrates the high degree of freedom of the N – Si distance
despite the naphthyl scaﬀold.
Table 2: Structural parameters from the geometry optimizations and HAR: The N-Si bond length (r(NSi) in Å), the Si-F bond length (r(Si-F) in Å), the N-Si-F angle (↵(N-Si-F) in Å) and the average R-Si-F
angle (< ↵(R-Si-F)> in °). The uncertainty of < ↵(R – Si – F)> was derived from the standard deviation
of the three R – Si – F angles.
Me2 N, 1
opt.

Me2 NCH2 , 2

HAR

opt.

HAR

r(N-Si)

2.7535

2.6593(8)

2.7103(8)

2.6478

2.4527(3)

r(Si-F)

1.6379

1.6442(7)

1.6426(7)

1.6511

1.6662(2)

101.7(26)

100.2(16)

99.3(8)

98.0(8)

95.5(8)

172.79

171.62(3)

173.02(3)

179.00

178.36(1)

< ↵(R-Si-F)>
↵(N-Si-F)

A natural bond orbital (NBO) analysis can provide both a qualitative and quantitative description of
the bonding situation based on a localized orbital point of view. The N – Si interaction can be linked to
the interaction of the nitrogen lone pair NBO (donor orbital) and the Si – F localised antibonding orbital
as acceptor orbital, that is, negative hyperconjugation. Figure 4 depicts the interacting orbitals for both
compounds 1 and 2. Delocalization energies, which are given inside Figure 4 for the optimized geometries1 ,
provide a measure of the strength of these interactions based on the second order perturbation theory.
These values reveal that the N – Si interaction is more pronounced in the Me2 NCH2 substituted compound
2 by ⇡8 kJ/mol. Figure 4 also shows the interaction of the nitrogen lone pair NBO with a C – C localised

antibonding orbital of the naphthalene unit in the Me2 N substituted compound 1, which can be attributed
to resonance structure 1c. Based on the delocalization energy, this interaction is even more significant
than the N – Si hyperconjugative interactions.
The population of the Si – F localised antibonding orbitals (see Table 3) is another measure of the
strength of the N – Si interaction. The population of the antibonding orbital is the highest in the Me2 NCH2
substituted compound 2 indicating stronger hyperconjugative interactions than those in the Me2 N substituted compound 1. However, the populations are quite small because they only account for one specific
hyperconjugative interaction, but not for all electrons withdrawn from the nitrogen lone pair orbitals,
1

The calculation of delocalization energies from XWR is not yet applicable.

9

Page 19 of 43

Dalton Transactions

Figure 4:

Representation of the natural bond orbitals involved in the LP(N)!BD*(Si – F) and

LP(N)!BD*(C – C) negative hyperconjugative interactions with the corresponding delocalization energies
(E2) from theory based on the optimized geometries.
Table 3: Bonding properties from NBO (populations of the nitrogen lone pair and Si – F localised
antibonding orbital (n(LP(N)) and n(BD*(Si-F)) in e) and NRT weights of the N-Si+ F

resonance

structure (wNRT ) in %)
Me2 N, 1
opt.

Me2 NCH2 , 2

XWR

opt.

XWR

n(LP(N))

1.821

1.863

1.867

1.818

1.817

n(BD*(Si-F))

0.064

0.066

0.063

0.075

0.094

3.64

3.20

3.04

4.09

4.89

wNRT

(N-Si+

F )

which are involved in a variety of interactions and are hence further delocalized. Therefore, an analysis of
the nitrogen NBO lone pair population in terms of the strength of the N – Si interaction is not applicable;
it is always important to compare a variety of alternative methods, which we call a complementary bonding
analysis. 37
A more direct access to the resonance structures depicted in Figure 1 is obtained from a local natural
resonance theory (NRT) analysis. 57 Resonance structures involving only the nitrogen, silicon and fluorine
atoms are calculated and a weight is assigned to them. Table 3 lists the weights of resonance structures
1b and 2b, which once again indicates that resonance structure 2b is more significant than resonance
structure 1b. However, it is shown that the localized resonance structures 1a and 2a are most significant
with weights far exceeding 90%. The N – Si interaction may therefore be regarded as a dative bond with
nitrogen’s electron pair largely maintaining its lone pair character.
10
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Table 4: Weights of the resonance structures (see Figure 1) obtained from the ELMO-VB calculations
(using the cc-pVDZ basis set) based on optimized and HAR geometries.
Me2 N, 1
opt.

Me2 NCH2 , 2

HAR

opt.

HAR

wELMO-VB (1a/2a)

0.87

0.85

0.86

0.88

0.82

wELMO-VB (1b/2b)

0.08

0.11

0.10

0.12

0.18

wELMO-VB (1c)

0.04

0.04

0.04

–

–

Valence bond (VB) calculations based on extremely localized molecular orbitals (ELMOs) also provide
an access to structural weights. 40,41,58 The weights of the ELMO-VB structures depicted in Figure 1 are
listed in Table 4. Resonance structures 1a and 1b are by far the most significant ones as for NRT, but
the respective weights are lower by about 10%. The weight of resonance structure 2b of compound 2 is
higher than the weight of resonance structure 1b of compound 1. Here, the ELMO-VB approach shows an
even more pronounced diﬀerence compared to the weights from NRT. The weight of resonance structure
1c is ⇡4% in compound 1, which indicates that the N – Si interaction is more significant than the N – C
interaction, in contrast to the delocalization energies from NBO.

An analysis based on the Quantum Theory of Atoms in Molecules (QTAIM) provides further insight
into the character of the dative N – Si bond as well as the Si – F bond. Figure 5 shows all bond paths
obtained for both compounds from theory and XWR. A bond path corresponds to a path of maximum
electron density which indicates a bonded interaction. 59–61 The converse argument is not valid: A bonded
interaction can be present although a bond path is absent. This was shown, e.g., using N-Si dative interactions. 62,63 In our study, in all cases, the analyses yield an N – Si bond path. However, they diﬀer from bond
paths of regular covalent bonds in that they are curved close to the silicon atom (compare to the straight
C – C, N – C, Si – C and Si – F bond paths), with the exception of compound 2 from XWR, for which a
straight N – Si bond path is obtained. A curved bond path is an indication of a weak interaction. Accordingly, the straight bond path obtained for compound 2 from XWR hints at a stronger N – Si interaction.
The character of the N – Si interactions and Si – F bonds can be quantified by examining properties at the
N – Si and Si – F bond critical points (bcps, saddle points of the electron density which are intersected by
the bond paths), see Table 5.
The value of the electron density at a bond critical point is indicative of the strength of the covalent
contribution to the bonded interactions. Once again, the N – Si interactions in the Me2 NCH2 substituted
compound 2 are revealed to be the strongest ones. This is in agreement with the value of the total energy
density at the N – Si bond critical points, which is more negative for compound 2 suggesting a higher
degree of covalency. 65–67 However, the magnitudes of these values imply relatively weak interactions in
comparison to values taken from the literature for a standard covalent N-Si bond 22,64 and for a dative N-Si
bond in a hexacoordinated silicon compound, 20 also collected in Table 5. In turn, the electron density at
the Si – F bond critical points of the Me2 N substituted compound 1 is higher than the one of compound 2
11
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Figure 5: QTAIM bond paths obtained from theory and XWR (a dashed line corresponds to a weak
interaction as defined in the software AIMAll by the value of the electron density at the bond critical
point), red speres = bond critical points, green spheres = ring critical points
Table 5: N-Si and Si-F bond critical point properties from QTAIM for both compounds 1 and 2, compared
to a standard covalent N-Si bond in [HN(SiMe2 )]4 22,64 and to a dative N-Si bond in the hexacoordinated
silicon compound F2 Si[O(CPh)N(NMe2 )]2 20 : Electron density (⇢bcp in e·Å
(Hbcp in Hartree·Å

3 ).

and total energy density

MM = multipole model.

Me2 N, 1
opt.

3)

XWR

Me2 NCH2 , 2

[HN(SiMe2 )]4 , 22,64

F2 Si[O(CPh)N(NMe2 )]2 , 20

opt.

XWR

opt.

MM

opt.

MM

⇢bcp (N-Si)

0.140

0.166

0.153

0.168

0.240

N/A

0.98(av.)

0.565

0.501

Hbcp (N-Si)

-0.0014

-0.0033

-0.0023

-0.0038

-0.0114

N/A

-0.086(av.)

-0.049

-0.011

⇢bcp (Si-F)

0.847

0.844

0.849

0.821

0.769

N/A

N/A

0.769

1.015

Hbcp (Si-F)

-0.0376

-0.0390

-0.0395

-0.0365

-0.0275

N/A

N/A

-0.039

-0.076

indicating the Si – F bonds to be weaker in compound 2. Consequently, a stronger N – Si interaction comes
with a weakened Si – F bond. This is in agreement with the previous analyses which found that the Si – F
bonds are elongated, and that the Si – F localised antibonding orbitals are more populated in compound
12
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2.
A topological analysis of the electron localizability indicator (ELI-D) yields basins which can be linked
to features of Lewis structures, such as bonds and lone pairs. 35 Figure 6 depicts ELI-D iso-surfaces revealing
bonding and lone pair domains in both compounds. For the Me2 N substituted compound 1 and the
optimized structure of the Me2 NCH2 substituted compound 2, a nitrogen lone pair basin is obtained.
Compound 1 from XWR, on the other hand, gives an N – Si bonding basin instead. Whether a lone pair
or bonding basin is obtained depends on the number of neighboring core basins: The nitrogen lone pair
is only in contact with a nitrogen core basin (monosynaptic), while the N – Si bond is in contact with the
nitrogen and silicon core basins (disynaptic). 35 Both types of basins are located in close proximity to the
nitrogen core basin and they have a similar appearance. However, the lone pair basin of compound 2
already shows a hump directed towards the silicon atom, which indicates that it is very close to forming
a disynaptic bond basin (Figure 6).

Figure 6: Iso-surfaces (blue) of the ELI-D showing bonding and lone pair domains and topological
ELI-D basins (red) of the nitrogen lone pair and Si – F bonds from theory. For compound 2 from XWR,
the nitrogen lone pair basin turns into an N – Si bond basin, however, the representation looks virtually
indentical (not shown).
An integration of the electron density inside these basins yields electron populations of the lone pair
and bonding basins, which are listed in Table 6 for the nitrogen lone pairs as well as N – Si and Si – F
bonding basins. The populations of the Si – F bonds are far below two electrons, according to which the
covalent bond order of the Si – F bonds is below a value of 1.0. This is caused by the fact that the lone
pair basins of the fluorine atom absorb a large amount of the bonding electron density. This is a common
feature of the ELI-D observed for bonds involving electronegative and lone pair rich atoms. 37 The Si – F
13
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Table 6: ELI-D electron populations (n in e) of the disynaptic Si-F and N-Si basins and the monosynaptic
N basin
Me2 N, 1
opt.

Me2 NCH2 , 2

XWR

opt.

XWR

n(Si-F)

0.936

1.4311

1.356

0.914

0.556

n(N-Si)

–

–

–

–

2.148

n(LP(N))

2.131

2.202

2.100

2.185

–

n(LP(F))

6.829

6.359

6.441

6.846

7.223

bonding populations are similar for the geometry optimized compounds 1 and 2, with the population of
compound 2 being only slightly lower. The Si – F population of compound 2 from XWR, on the other
hand, is significantly lower than the one of compound 1 from XWR suggesting a more ionic fluorine atom.
Accordingly, the lone pair populations of compound 2 from XWR are closer to eight electrons. Directly
measuring the strength of the N – Si interaction through nitrogen lone pair populations is not feasible.
In fact, the population of the N – Si bonding basin of compound 2 from XWR is similar to those of the
nitrogen lone pair basins, which once again indicates a similar character.
Finally, we study two types of bond orders – the NLMO/NPA bond order (from the NBO analysis) 27
and the delocalization index (DI, from the QTAIM) 68 – which measure the number of electron pairs shared
between two atoms. For homopolar single bonds, a bond order of approximately one is expected. Bond
polarization reduces the number of shared electrons and, thus, bond orders of below one are obtained. The
N – Si bond orders are far below one for both compounds, which is in line with its dative bond character.
All NLMO/NPA bond orders are lower than the delocalization indices, but both bond orders give the
same trend. The N – Si bond orders of compound 2 are higher than those of compound 1, which is caused
by a stronger N – Si interaction in 2. From the aforementioned bonding descriptors, lower Si – F bond
orders are expected for compound 2. However, this trend is only observed when comparing the bond
orders of the geometry optimized structures among each other. For the bond orders derived from XWR,
an opposite trend is retrieved. The fact that all Si – F bond orders are much smaller than one reflects the
highly polarized character of the Si – F bonds.
Table 7: NLMO/NPA bond orders and delocalization index (DI) of the N – Si and Si – F bonds
Me2 N, 1
opt.

Me2 NCH2 , 2

XWR

opt.

XWR

BON LM O/N P A (N-Si)

0.038

0.044

0.043

0.050

0.092

BON LM O/N P A (Si-F)

0.292

0.260

0.272

0.278

0.255

DI(N-Si)

0.056

0.058

0.058

0.082

0.114

DI(Si-F)

0.337

0.255

0.253

0.324

0.259
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Conclusions

The N – Si peri-interaction was investigated in the two naphthyl-based pentacoordinated silicon compounds
depicted in Figure 1. An investigation of structural parameters confirms that the N – Si interaction is
the strongest in the Me2 NCH2 substituted compound 2. This is caused by the higher conformational
flexibility of the nitrogen atom due to the insertion of the additional bridging methylene group and the
absence of interactions involving the nitrogen lone pair and naphthalene unit. Hence, attractive N – Si
interactions are more important than steric repulsion in the peri-contact. At the same time, longer Si – F
bond lengths are obtained for compound 2 which imply weaker Si – F bonds. Although the analysis of
structural parameters already allows for these conclusions, the nature of the N – Si interaction remains
uncertain. This is remedied by a complementary bonding analysis which comprises NBO, NRT, QTAIM,
ELI-D and unconstrained ELMO-VB analyses. Apart from confirming the conclusions drawn from the
analysis of structural parameters, a complementary bonding analysis enables a characterization of the
N – Si interaction leading to the following remarks:
1. The NBO analysis attributes the N – Si interaction to a negative hyperconjugation involving the
nitrogen lone pair as a donor orbital and the localised Si – F antibonding orbital as an acceptor
orbital.
2. The N – Si interaction is weak and can be regarded as a dative bond – the nitrogen lone pair character
is largely maintained.
3. The Si – F bond is highly polarized. The degree of Si – F bond polarization is higher for stronger
N – Si interactions.
DELETED In this study, the diﬀerence in the strength of the N – Si interaction between compounds1 and
2 is caused by the additional methylene group in 2, but, alternatively, the N – Si interaction could be
tuned by exchanging the fluorine atom with a variety of diﬀerent substituents. In a forthcoming study, we
present such a systematic array of pentacoordinated silicon compounds, in which we go beyond Bürgi’s
structure correlation attempting to find correlations with properties obtained from a complementary bonding analysis.
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