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Si centers in organosilicon compounds exhibit coordination
numbers between 1 and 10,[1] and the resulting distances vary
over wide ranges as exemplified by the interaction N!Si in
1-amino-8-silylnaphthalene derivatives[2, 3] (Figure 1). The

Figure 1. Differences in various Si ± N bond lengths: a) histogram for the
range between 200 and 350 pm, as revealed by a search in the Cambridge
Structural Database, in which N is the number of hits within 10 pm ranges,
and selected examples of Si ± N interactions in 1-amino-8-silylnaphthalene
derivatives (b, c), in which N ´´´ Si distances longer than 275 pm are also
observed (d).

Cambridge Structural Database contains a total of 574 entries
for dSi±N distances greater than 200 pm (Figure 1 a). The range
of shorter interactions are assigned to so-called ªSiN single
bondsº such as in sitrol (Figure 1 b). The compounds with SiN
distances between 220 and 260 pm (Figure 1 c and d)[3c,d] have
repeatedly been defined as intramolecular donor ± acceptor
complexes. What type of interaction is, however, represented
by the numerous distances Si ´´ ´ N exceeding 275 pm? Two
selected structures with Si coordination numbers of 7[4] and 8[5]

carried out. Details on the design and performance of this home-made IR
cell are given elsewhere.[15] For better thermal contact between the zeolite
wafer and the cooled environment, helium (about 0.5 Torr) was admitted
into the sample compartment before the background spectrum was
recorded at 77 K (liquid nitrogen). Then CO was dosed to an equilibrium
pressure of about 0.8 Torr, and IR spectra were measured at 77 K and on
gradual heating of the IR cell after evaporation of liquid nitrogen.
Reversibility of the IR spectra was checked by cooling again after the
spectrum at 303 K was taken, thus proving that the observed spectral
changes are due solely to temperature variation and not to any (un-
expected) alteration of the system upon heating. The temperature was
measured by means of a platinum resistance thermometer; the accuracy
was about �5 K. Transmission IR spectra were recorded at a resolution of
3 cmÿ1 with a Bruker IFS66 FTIR spectrometer. The spectrum of zeolite
taken before dosage with CO was used as a background; this background
spectrum was subtracted from all spectra shown in this work.
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will be discussed here in detail, based on density functional
theory (DFT) calculations.[6]

Tris[(2-dimethylaminomethyl)phenyl]silane, prepared by
reaction of trichlorosilane with three equivalents of [(2-
dimethylaminomethyl)phenyl]lithium, contains a formally
sevenfold coordinated silicon center. Its structure determi-
nation[4] yields intramolecular Si ± N distances of between
298.1(6) and 304.3(6) pm for both independent molecules in
the crystal (Figure 2 a). The energy of the Si ± N interactions

Figure 2. Density functional theory calculated[6] total energies for tris[(2-
dimethylamino)methylphenyl]silane[4] a) based on its structural parame-
ters, b) after twisting its three H4C6 ± CH2 bonds by w1� 908 as well as the
H2C ± N bond by w2� 308, and c) and d) after removal of the central SiH2

subunit from the structures a) and b), respectively, accompanied by H
saturation of the ruptured bonds of the phenyl substituents (see text).

can be approximated as follows:[6] The vector of each nitrogen
electron pair, which deviates by 23o from its idealized SiN
bond axis (Figure 2 a), is twisted perpendicular to this axis
under continuous structure control to avoid additional severe
overlap of the substituents within the molecule (Figure 2 b).
The energy difference due to the inevitably varied van der
Waals contacts in the periphery of the molecule is calculated
after removal of the central SiH group accompanied by H
saturation of the ruptured bond of each phenyl substituent
(Figures 2 c and d) to be about 60 kJ molÿ1. The sum of all
DFT-calculated energy contributions for a rotation of the
three N vectors out of their SiN axis positions between the Si
centers that are at first seven- and finally four-coordinate
amounts to DDHf(Si ± N)� 42 kJ molÿ1 or to about 14 kJ molÿ1

for a cooperation-free SiN interaction over a distance of about
300 pm (Figure 2).

Bis [2,6-bis(dimethylaminomethyl)phenyl]silane, the sec-
ond selected ªhypercoordinateº organosilicon compound, is
prepared by treating 2,6-bis(dimethylaminomethyl)phenyl-
silane with an equimolar amount of 2,6-bis(dimethylamino-
methyl)phenyllithium. Its structure determination[5] proves a
formally eight-coordinate silicon center and exhibits intra-
molecular distances of 289.5(5) and 311.7(6) pm for the two
different N!Si interactions between the two pairs of amino-
N centers and the Si centers in the differently overcrowded
halves (Figure 3 a). The two types of N!Si interactions,

Figure 3. Density functional theory calculated[6] total energies for bis[2,6-
bis(dimethylamino)methylphenyl]silane[5] a) based on its structural param-
eters, b) after twisting of the 289 pm distant or c) the 310 pm distant
(H3C)2N substituent groups by angles w(H3C6 ± CH2)� 1208 as well as
w(H2C ± N(CH3)2)� 308, and d,e) after removal of the central SiH2 unit
accompanied by H saturation of the phenyl substituents starting from the
structures in (b) and (c), respectively (see text).

which vary by 21 pm in length (Figure 3 a) are approximated
analogously to the ones in the seven-coordinate compound,
but separately: altogether four rotations around the H3C6 ±
CH2 and H2C ± N(CH3)2 bonds (Figure 2 b and c) turn the
nitrogen electron pairs of the (H3C)2N substituents perpen-
dicular to the structurally characterized SiN connecting axes.
The resulting van der Waals perturbations in the molecular
periphery are approximated by two additional DFT calcu-
lations[6] after removal of the central SiH2 group and H
saturation of the phenyl substituents (Figures 2d and e). The
energy contributions calculated for the interactions over the
shorter and the longer SiN distances of 10� 4� 14 kJ molÿ1

(limit of deviation � 2 kJ molÿ1 [6]) differ predominantly
because of the individual van der Waals wrapping of the two
molecular halves.

Altogether three different long-range N!Si interactions in
two organosilicon molecules containing seven- or eight-
coordinate Si centers have been approximated by density
functional theory calculations [6] (Schemes 1 and 2). The DFT
charge densities qNBO

SiÿN resulting from ªNatural Bond Orbitalº
analysis are complemented by those for 1-dimethylamino-8-
trichlorosilylnaphthalene (sitrol, Figure 1 b) and -trifluoro-
silylnaphthalene (Scheme 1). As can be seen from the data,
the calculated DFT/NBO charge densities do not correlate
with the experimental bond distances dSi±N. Details such as the

Scheme 1. DFT/NBO charge densities for N!Si interactions at distances
of 176 and 300 pm in amino-organosilyl compounds with Si coordination
numbers between 5 and 8.
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increase in positive charge at the Si center especially on
substitution of F for Cl (Figure 1 b and c) can be rationalized
by the sequence of effective nuclear charges: Si<Cl<N<F.
In the aminosilyl compounds with higher coordination
numbers for Si (Figures 2 and 3), the charge density at the
Si centers is lowered slightly as the number of SiN interactions
increase, whereas that of the N centers remains constant.

The energy differences DESi±N estimated by DFT calcula-
tions (Figures 2 and 3) also cannot be correlated (directly)
with the bond lengths dSi±N (Scheme 2 a). To test nonlinear

Scheme 2. Energies of N!Si interactions: a) DFT-estimated contribu-
tions based on the crystal structures of the amino.organosilyl compounds
investigated with seven- and eight-coordinate Si centers; b) total energy
potential curve for the model adduct H3N!SiH4, calculated with basis sets
aug-cc-pVDZ using MP2 correlation for the geometry optimization and
MP4 correlation for all single point calculations.[7]

correlation and also to further support the relatively small
DFT energy differences DESi±N (Scheme 2 a), correlated
calculations with large double-zeta basis sets at MP2 as well
as MP4 levels have been performed for the simplest model
adduct H3N!SiH4.[7] The resulting geometry-optimized po-
tential curve shows a minimum of ÿ11 kJ molÿ1 at 300 pm
(Scheme 2 b), which corresponds to the DESi±N � 14 kJ molÿ1

contribution estimated for the N!Si interaction at a distance
of 300 pm (Scheme 2 a). Remarkably, both the higher (DESi±N

� 5 kJ molÿ1 for dSi±N� 289 pm) as well as the lower value
(DESi±N � 5 kJ molÿ1 for dSi±N� 312 pm) follow the prediction
of the potential curve: the first is shifted by 11 pm from the
minimum towards the steeper slope (!repulsive interaction)
and the other 11 pm towards the flatter part (!dissociative
interaction) of the potential curve. The rather small DFT
energy differences (estimated deviation limit �2 kJ molÿ1)[6]

are, therefore, convincingly confirmed by the nonlinear
correlation (Scheme 2 b).

The following comments on SiN bond lengths, discussed
over a range of 312ÿ 176� 126 pm (!), are based on addi-
tional assumptions: The shortest bond length of 176 pm in the
trichlorosilyl compound sitrol (Figure 1 b) might be favored
for steric reasons by the undulated perhydropyridine ring,

whereas for the longest bond lengths between 289 and 312 pm
the minimum on the distance-dependent potential curve
(Scheme 2 b) can explain the DFT-calculated results for the
experimentally determined structures. Again, however, we
draw attention to the spatial overcrowding in the hyper-
coordinate aminosilyl compounds investigated (Figures 2 and
3), which causes numerous van der Waals contacts in the
molecular periphery that are presumably bonding because of
the considerable positive charge at their Si centers
(Scheme 1). For a tentative answer concerning the possible
origin of bonding in long range N ´´´ Si interactions, the pure
electrostatic attraction between charges qSi of �1.6 and qN of
ÿ0.5 at 300 pm distance has been estimated to be about
60 kJ molÿ1. Accordingly, a proposal of Coulomb-dominated
donor ± acceptor bonding is forwarded for these special
hypercoordinate N ´´´ Si compounds.

In conclusion the importance of long-range interactions for
the chemist is emphasizedÐfrom the crystal growth[10, 11] to
protein structures.[12] Therefore, an extension of the DFT
calculations presented to other systems and especially those
with Si ´´ ´ O interactions, which differ even more in their
effective nuclear charges, is envisaged.
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Synthesis of Immobilized CMP-Sialic Acids
and Their Enzymatic Transfer with
Sialyltransferase**
Yasuhiro Kajihara,* Takashi Ebata, and
Hisashi Kodama

The enzymatic synthesis of oligosaccharides and their
analogues with glycosyltransferases (GTases) has progressed
remarkably as a result of the ability to synthesize the donor
substrates.[1] Sialyltransferase (STase)[2] and fucosyltransfer-
ase[3] reactions have also been used to study the structure and
function of oligosaccharides on glycoproteins and on cell
surfaces by use of modified sugar nucleotides. We have
developed a concise synthetic method for the preparation of
CMP-sialic acid (CMP-N-acetylneuraminic acid, CMP-Neu-
Ac; CMP� cytidinmonophosphate) and its analogues.[4] Since
then we have begun investigating possible applications of
STase reactions with use of synthetic CMP-NeuAc analogues
(Figure 1).

Figure 1. Schematic representation of the novel immobilization method
for glycoproteins.

Many enzymes and lectins are glycoproteins containing N-
or O-linked oligosaccharides. When these proteins have
several oligosaccharides on their surfaces, this layer of
oligosaccharides exhibits dynamic fluctuation.[5] Therefore,
increasing the number of oligosaccharide chains also increases
the surface area covered. With most immobilization meth-
ods[6] used for such glycoproteins, this carbohydrate layer
hinders the approach to the amino or carboxyl groups on the
surface of the protein. Unfortunately, if the reagent attaches
to amino acids located close to the catalytic site, the
immobilized enzyme may lose its activity. Therefore, we
wanted to synthesize a CMP-NeuAc derivative in which the
9''-position is attached to the solid phase, and examine its
sialyltransfer ability as part of a novel immobilization
procedure. The nonreducing end of oligosaccharides are
frequently galactosides which serve as acceptors in STase
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