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Abstract

The molecular structure of N-trimethylsilylated five- (1a—c), six- (2a,b) and seven-membered (3) cyclic ureas was studied by single
crystal X-ray diffraction method and quantum chemical calculations. Solvolysis rate constants of compounds in n-octanol/tetrahy-
drofuran mixtures were determined by gas chromatography. An alternative sampling method eliminating the effect of the hot injec-
tor was also developed in the rate measurement of 2a. The half-lives of the five-membered rings (1a,b) were found to be at least three
orders of magnitude higher than those of the six- (2a,b) and seven- (3) membered ones. Relationship between the reactivity and the
extent of the pseudo-pentacoordination around the silicon centre in reactants was found. The results are in correlation to our simple

static (structure-based) predictive model established previously.
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1. Introduction

Silylated carboxamide derivatives, e.g. N,O-bis(tri-
methylsilyl)acetamide (BSA), N,N’-bis(trimethylsilyl)-
urea (BSU), O-trimethylsilyl N,N-dimethylcarbamate
(DMCTMS), are extensively employed as silylating
reagents both in organic syntheses and in analytical
applications (gas chromatography, mass spectrometry)
[1]. In order to carry out the silylation reaction in a che-
mo-, regio- or stereoselective way, one can vary the silyl
group, i.e., the spectator-like organyl ligands around the
silicon atom, and/or choose a silylating agent bearing a
leaving group of proper reactivity. Our present work
aims to make a contribution to a better understanding
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the relationship between the nature of the leaving group
and the silylating efficiency in the series of silylated cyc-
lic urea derivatives.

Earlier Lane and Frye [2] reported on the preparation
of several trimethylsilylated N-alkyl amides and the
determination of their relative thermodynamical silylat-
ing abilities. These studies were stimulated by their expe-
rience that the silylated derivatives of pyrrolidone and
g-caprolactam exhibit grossly different reactivity,
however, this phenomenon was not fully realised.

On the basis of their preliminary theoretical calcula-
tions, in a currently submitted paper Pongor et al. [3]
studied the molecular structure of the trimethylsilylated
N,N-dimethyl-carbamic acid and some of its analogue
derivatives by ab initio quantum chemical methods.
The high silylating power of compounds was explained
by a strongly distorted (pseudo-) pentacoordinate
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environment around the silicon atom and the unusually
long Si—O ester bond in molecules.

In a previous publication, we described the prepara-
tion of some N-trimethylsilylated cyclic ureas (1a,b,
2a,b and 3) resulting from the thermal decomposition
of silylated dicarbamic acid derivatives [4].

Compound X R
/SiMeS 1a (CHy), S%Me3
/‘N 1b CH,CHMe SiMe;
X >:O 1c (CH2)2 H
\N 2a (CHy)3 SiMe;
\ 2b (CHy)3 Me
R 3 (CH2)4 SiMe3

Here, we discuss their n-octanolysis and molecular
structure in correlation to their reactivity. The silylation
reaction shown below was monitored by capillary gas
chromatography

SiMe, o H

Q
/
>—N + H—OCH, — >—N’\ + Me,Si—OCH,,

2. Results and discussion
2.1. Solvolysis study

Reaction rate measurements were carried out in tetra-
hydrofuran (THF) solutions containing the solvolysing
agent, n-octanol (OctOH) in large excess relative to the
concentration of the trimethylsilylated cyclic urea
(TMSCU). In order to maintain the constant ionic
strength in the course of reaction, lithium chloride was
dissolved in medium as well (cf. [5]). The concentration
vs time data were evaluated assuming a pseudo-first or-
der kinetic model

d[TMSCU]

———g, = OCtOH][TMSCU] = ko, TMSCU],

where k., is the pseudo-first order rate constant. The
kexp values were calculated from the integrated rate equa-
tion by exponential curve fitting (Microcal Origin 6.0)

[TMSCU] = [TMSCU] e,

where [TMSCU], denotes the initial concentration of
substrate. In the followings the half-lives (¢, = In2/keyy,)
rather than the k., values themselves are used to cha-
racterise the reactivity of substrates.

As a preliminary experiment the hydrolysis of com-
pounds was also investigated at ambient temperature.
Our results revealed that there is a very large difference
in the rates between the five- (¢, =~ 10-20 days for 1a,b)
and the six-/seven-membered (i, < 3 min for 2a,b and
3) cyclic compounds. On the other hand, the hydrolytic
reactivity of the open-chained analogue, N,N’-bis(tri-
methylsilyl)urea (1, ~ 25 min), falls between those of
the two former groups.

In order to adjust the solvolysis rate of the more reac-
tive compounds low enough to follow the reaction con-
veniently by gas chromatography, n-octanol was
selected as solvolysing agent in further experiments.
Moreover, in contrast to the aqueous measurements
the peak related to the silylated product, tri-
methylsilyloxyoctane (OctOTMS) is well separated from
other peaks thus its area vs time data can be also evalu-
ated in the calculations. The use of the more common
and more volatile alcohols (methanol, ethanol, etc.)
should be neglected from the same reason as in the case
of water, however, the long retention time makes the
heavier homologues also unfavourable. In turn second-
ary and tertiary alcohols are too inert to make difference
in reactivity between substrates.

In Fig. 1 the relative concentration of the bis-silylated
six-membered cyclic urea (2a) together with that of the
solvolysis products as a function of time is shown. In
the course of the reaction the amount of the monosi-
lyl-urea as intermediate could be neglected all the time
which is also indicated by the good linear correlation be-
tween the concentration of the bis-silylated substrate
and the silyl-octanol (Fig. 2). However, in the case of
the five-membered analogue (1a) the concentration of
the monosilyl derivative (1¢) remains constant for sev-
eral weeks.

One can observe in Fig. 1 that the conversion related
to the OctOTMS has already reached a value of 30% at
the very first point of measurement (at # = 0.7 min). We
explained this behaviour by the fact that despite of its
short time (<1 s) spent in the injector unit the sample
got extensively decomposed to produce OctOTMS at
the high injector temperature (250 °C) while no jump
in conversion could be observed in the reaction of the
much less reactive five-membered analogues (1a,b). In
order to gain more evidence for this assumption there-
fore instead of withdrawing samples intermittently from
the same reaction mixture we did as usual, 10 vials

OctOTMS
TMSCU
urea

Rel. peak area

0 20 40 60 80 100 120
time/min

Fig. 1. The conversion plots for the n-octanolysis of 2a.
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Fig. 2. The correlation between the momentary concentration of 2a
and the trimethylsilyloxyoctane during the solvolysis.

containing the reaction mixture of the same initial
composition were run simultaneously. During the sol-
volysis each vial was once sampled for analysis at a
recorded point of time (Method 1) and then its con-
tent was abruptly quenched at an also well-defined
moment by adding large excess of methanol or water
to decompose the remaining TMSCU. After standing
for 2-3h samples were again withdrawn from the
mixtures to analyse them by gas chromatography
(Method 2). Of course, in further measurements we
checked the stability of the quenched mixtures and
concluded that there was no observable change in
the concentration of the OctOTMS upon standing
for several days.

In accordance to the discussion above, the following
kinetic model is suggested for the formation of the
OctOTMS:

(Method 1) without quenching the mixtures:
[OctOTMS] = [OctOTMS]__ (1 — ae *et),

a=e ¥ 0<a<l,
where the oo symbol refers to the final value of concen-
tration, k* and ¢* are the hypothetical rate constant and
residence time of the sample in the hot injector;

(Method 2) with quenching the mixtures:
[OctOTMS] = [OctOTMS] (1 — e F").

It should be mentioned that in both cases the data were
evaluated by curve fitting with three variable parameters
(i.e., the values of [OctOTMS],, kexp, and @), however, in
the Method 2 the value of ¢ was identical to the unity
within the experimental error (Fig. 3).

The half-lives of compounds listed in Table 1 point
out the similar great difference between their reactivities

0.8+
0.7 4
0.6 4

0.5

0.4 4

(Method 1) before quenching

A
0.3 o (Method 2) after quenching

0.2

rel. peak area of OctOTMS

0.1+

0.0 71 1 1 1 - 1 1T * T " 1T 1
0 10 20 30 40 50 60 70 80 90
time/min

Fig. 3. The conversion plots for the n-octanolysis of 2a using two
different sampling methods (see details in the text).

Table 1

The half-lives of the n-octanolysis for 1a,b, 2a,b and 3

Compound la 1b 2a 2b 3

tia: 35 days 20 days 17 min 20 min 16 min

as observed in the hydrolysis. The octanolysis rate of the
six- and the seven-membered cyclic silylated ureas (2a,b,
3) is more than three orders of magnitude higher than
that of the five-membered rings (1a,b).

2.2. Molecular structure studies

In order to elucidate the role of the structural features
that govern the reactivity of compounds, the molecular
structure of the five- (1a-¢) and six- (2a) membered rings
was determined by single-crystal X-ray diffraction
method. The crystals of 1c as a hydrolysis by-product
precipitated from the mother liquor of la upon long
standing. Since no attempts were successful to obtain
crystals from the oily seven-membered analogue (3)
and the N-trimethylsilyl-V’-methyl six-membered deriv-
ative (2b), respectively, their structures were investigated
by quantum chemical methods. However, theoretical
calculations were also effected in the case of 1a and 2a
in order to use a consistent set of geometrical data for
all the relevant compounds.

Selected geometrical data listed in Tables 2 and 3 re-
veal that the experimental (i.e., solid phase) geometries
agree well with the calculated (i.e., gas phase) ones thus
the crystal packing forces have no significant influence
upon the structure of molecules. In the crystal phase
of the N-H compound (1¢) two molecules constitute a
centrosymmetric dimer via intermolecular N-H---O
hydrogen bonds.

It is apparent that the arrangement of the non-hydro-
gen atoms is dominated by a plane involving the urea
skeleton together with the C and Si atoms directly
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Table 2

Selected X-ray crystallographic data for la—c and 2a (with e.s.d’s in parentheses)

Compound la 1b 1c 2a
Bond lengths ( A )

Sil-N1 1.739(7) 1.745(3)* 1.738(4) 1.761(4)
Sil-Cé6 1.825(12) 1.843(6)" 1.834(5) 1.848(7)
Sil-C5 1.830(10) 1.833(6)* 1.830(5) 1.859(7)
Sil-C4 1.849(11) 1.846(7)* 1.854(5) 1.861(7)
NI1-C1 1.369(6) 1.377(5)* 1.356(5) 1.359(6)
NI1-C2 1.444(12) 1.453(7)* 1.470(6) 1.469(6)
01-Cl 1.209(11) 1.220(7) 1.234(5) 1.247(5)
Si2-N2 1.737(6) 1.745(3) 1.758(5)
Si2-C8 1.812(11) 1.833(6) 1.841(6)
Si2-C9 1.835(11) 1.843(6) 1.846(7)
Si2-C7 1.852(11) 1.846(7) 1.858(5)
N2-C1 1.375(7) 1.377(5) 1.321(5) 1.365(6)
N2-C3 1.446(11) 1.453(7) 1.428(6) 1.466(6)
Bond angles (°)

N1-Sil-Cé6 109.7(4) 109.4(2)* 110.2(2) 110.5(3)
N1-Sil-C5 109.9(4) 110.7(2)* 108.6(2) 112.3(3)
C6-Sil-C5 109.9(6) 109.5(3)* 111.7(3) 112.2(3)
NI1-Sil-C4 105.6(5) 106.9(3)* 105.7(2) 106.0(3)
C6-Sil-C4 111.5(4) 110.4(4)* 109.5(3) 108.0(3)
C5-Sil-C4 110.1(5) 109.9(3)* 111.0(3) 107.5(3)
CI-N1-C2 110.4(4) 108.7(4)* 109.0(3) 119.0(5)
CI-NI1-Sil 122.1(5) 122.6(3)* 125.2(3) 116.4(3)
C2-N1-Sil 127.5(2) 128.4(3)* 125.13) 124.4(4)
O1-CI-N1 124.9(4) 124.8(3)* 124.1(4) 118.6(5)
NI1-CI-N2 110.0(6) 110.3(5) 110.5(4) 122.7(5)
N2-Si2-C8 110.7(4) 110.7(2) 111.1(3)
N2-Si2-C9 109.5(3) 109.4(2) 110.8(3)
C8-Si2-C9 109.8(6) 109.5(3) 112.1(3)
N2-Si2-C7 105.2(5) 106.9(3) 106.0(3)
C8-Si2-C7 110.6(4) 109.9(3) 108.5(3)
C9-Si2-C7 110.8(5) 110.4(4) 108.1(3)
CI-N2-C3 110.4(4) 108.7(4) 113.6(3) 119.7(5)
CI1-N2-Si2 123.0(5) 122.6(3) 116.4(3)
C3-N2-Si2 126.5(2) 128.4(3) 123.94)
O1-C1-N2 125.1(4) 124.8(3) 125.4(3) 118.7(5)
Torsion angles (°)

C6-Sil-N1-C1 —54.7(4) —64.6(4) —47.8(4) —64.1(5)
C5-Sil-N1-C1 66.2(5) 56.1(4)* 74.8(4) 62.1(5)
C4-Sil-N1-C1 —175.1(3) 175.8(4)* —166.0(4) 179.2(4)
C6-Sil-N1-C2 122.3(4) 108.5(6)" 142.6(4) 111.5(6)
C5-Sil-N1-C2 —116.8(5) —130.8(5)* —94.8(4) —122.4(6)
C4-Sil-N1-C2 2.0(4) —11.1(6)* 24.4(4) —5.2(6)
C8-Si2-N2-C1 52.7(4) 56.1(4) 60.6(5)
C9-Si2-N2-Cl —68.5(5) —64.6(4) —64.7(5)
C7-Si2-N2-C1 172.3(3) 175.8(4) 178.2(4)
C8-Si2-N2-C3 —131.04) —130.8(5) —118.7(6)
C9-Si2-N2-C3 107.8(6) 108.5(6) 116.0(6)
C7-Si2-N2-C3 —11.4(4) —11.1(6) -1.0(7)
C2-N1-C1-01 178.4(4) —175.4(3)* 177.4(4) —179.4(6)
Sil-N1-C1-0O1 —4.1(6) —1.14)* 6.4(6) —3.6(8)
C3-N2-C1-01 —174.9(4) —175.4(3) —178.1(4) 179.3(6)
Si2-N2-C1-01 1.9(6) —-1.14) 0.1(7)
Interatomic distances ( A )

Sil---O 3.023 3.05% 3.078 2.783
Si2---O 3.052 3.05 2.787

Molecule numbering as in Fig. 4.
& A crystallographic twofold axis lying on the C1=01 bond of 1b generates atoms N1, Sil, C2, C4, C5 and C6.
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Table 3

Selected geometrical data calculated for 1a, 2a,b and 3

Compound la 2a 2b 3(Cy) 3 (Cy)
Bond lengths ( A )

Sil-N1 1.787 1.805 1.804 1.816
Sil-Cé6 1.884 1.886 1.884 1.887
Sil-C5 1.884 1.885 1.887 1.887
Sil-C4 1.890 1.896 1.896 1.899
NI1-C1 1.385 1.381 1.381 1.389 1.382
NI1-C2 1.464 1.470 1.457 1.477 1.472
01-Cl 1.232 1.244 1.238 1.241 1.249
Si2-N2 1.787 1.805 1.803 1.804 1.816
Si2-C8 1.884 1.886 1.886 1.887 1.887
Si2-C9 1.884 1.885 1.885 1.884 1.887
Si2-C7 1.890 1.896 1.897 1.896 1.899
N2-C1 1.385 1.381 1.387 1.389 1.382
N2-C3 1.464 1.470 1.467 1.477 1.472
Bond angles (°)

N1-Sil-Cé6 109.5 111.1 109.6 111.9
N1-Sil-C5 109.5 111.3 111.9 111.9
C6-Sil-C5 111.1 112.3 112.2 112.8
NI1-Sil-C4 105.4 105.3 106.1 106.0
Co6-Sil-C4 110.6 108.2 108.0 106.9
C5-Sil-C4 110.6 108.3 108.8 106.9
CI1-N1-C2 110.7 121.0 124.3 119.6 124.7
CI1-N1-Sil 121.2 115.0 115.2 112.1
C2-N1-Sil 128.0 123.9 121.5 123.3
O1-C1-N1 124.9 119.4 121.6 120.4 117.5
N1-CI-N2 110.3 121.2 118.7 119.1 125.0
N2-Si2-C8 109.5 111.1 111.5 111.9 111.9
N2-Si2-C9 109.5 111.3 111.1 109.6 111.9
C8-Si2-C9 111.1 112.3 112.2 112.2 112.8
N2-Si2-C7 105.4 105.3 105.3 106.1 106.0
C8-Si2-C7 110.6 108.2 108.1 108.8 106.9
C9-Si2-C7 110.6 108.3 108.2 108.0 106.9
CI1-N2-C3 110.7 121.0 120.5 119.6 124.7
C1-N2-Si2 121.2 115.0 114.6 115.2 112.1
C3-N2-Si2 128.0 1239 124.4 121.5 123.3
O1-C1-N2 124.9 119.4 119.7 120.4 117.5
Torsion angles (°)

C6-Sil-N1-Cl1 —61.0 —62.4 -52.7 —64.0
C5-Sil-N1-C1 61.0 63.6 72.4 63.7
C4-Sil-N1-C1 180.0 —179.3 —169.1 179.8
C6-Sil-N1-C2 119.0 113.6 149.3 114.5
C5-Sil-N1-C2 —119.0 —1204 —85.6 —117.8
C4-Sil-N1-C2 0.0 -3.3 33.0 -1.7
C8-Si2-N2-C1 61.0 62.4 63.1 72.4 64.0
C9-Si2-N2-Cl1 —61.0 —63.6 —62.9 -52.7 —63.7
C7-Si2-N2-Cl1 180.0 179.3 —179.9 —169.1 —179.8
C8-Si2-N2-C3 -119.0 —113.6 —109.2 —85.6 —114.5
C9-Si2-N2-C3 119.0 120.4 124.8 149.3 117.8
C7-Si2-N2-C3 0.0 33 7.8 33.0 1.7
C2-N1-C1-01 180.0 —177.9 179.2 143.5 —179.2
Sil-N1-C1-01 0.0 -1.8 —14.9 -0.7
C3-N2-C1-01 180.0 177.9 172.9 143.5 179.2
Si2-N2-C1-01 0.0 1.8 0.3 —14.9 0.7
Interatomic distances ( A )

Sil---O 3.06 2.81 2.86 2.70
Si2---0 3.06 2.81 2.81 2.86 2.70

Molecule numbering as in Fig. 4.

bound to the nitrogens as well as one of the three C
atoms of the MesSi group farthest away from the car-
bonyl group (i.e., C4 and C7, respectively, see Fig. 4).

As a consequence the ring atoms of the five-membered
cyclic compounds are coplanar while in the six-
membered rings only the outermost C atom relative to
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s cb TN

Fig. 4. X-ray structure and molecule numbering of la. Atomic
displacement ellipsoids are drawn at 30% probability level.

the carbonyl group moves out the plane of the ring. In
terms of torsional angles, however, in the mixed silyl
methyl six-membered derivative of C; symmetry (2b)
the ‘intraplanar’ torsion angles involving all the afore-
mentioned non-H atoms are planar to within 8°, while
those excluding the N-methyl C atom and the ring C
atom attached to the silylated nitrogen, respectively,
are planar to within 1°. In the case of the seven-mem-
bered cyclic compound (3) two conformations with
slightly different minimum energy (of C, symmetry with
lower and of C,; symmetry with higher energy, respec-
tively; AE = 3.8 kcal mol™') were found in the quantum
chemical calculations. The structure of the C; conformer
can be interpreted in an analogous way like in the case
of the bis-silylated six-membered ring, however, here
two outermost ring carbons are present that are moving
out of the plane to the same extent. In contrast to this, in
the C, conformer it is the two ring carbon atoms at-
tached to the nitrogens which strongly deviate from
the planarity resulting in a slight pyramidality on the

N atoms as well. At the same time the dihedral angle be-
tween the N-Si bond and the planar urea moiety in-
creases by a value of 15°.

It is worth comparing the values of the N-Si bond
length as this bond of substrates ruptures in the solvol-
ysis reaction. In the less reactive five-membered com-
pounds this bond is ca. 0.02 A shorter than that of the
more reactive six- and seven-membered analogues. In
correlation to this, the s character of the nitrogen in
the N-Si bond as determined by the natural population
analysis (NPA) was found to be higher in the five-mem-
bered ring than in the six-/seven-membered analogues:
the hybridisation state of N is sp'®” in 1a, sp'®! in 2a,
sp'®? in 2b, sp'®? in 3 of C, symmetry and sp'® in 3
of C; symmetry, respectively. On the other hand, the cal-
culated partial charge on the Si atom in 1a is less posi-
tive (1.975) than in the other homologues (1.981 for
2a, 1.982 for 2b, 1.979 for 3 of C, symmetry and 1.981
for 3 of C; symmetry) resulting in a less favourable
nucleophilic attack on the silicon.

It is also remarkable that in all compounds the Si- - -O
(carbonyl) distance being much shorter than the sum of
the van der Waals radii (3.6 A) [6], is longer by 0.2-0.3 A
in the five-membered rings than in the six- and seven-
membered ones. Hence in the latter group of com-
pounds a slight distortion of the geometry around the
Si atom from a pure tetrahedron to a (pseudo-) trigonal
bipyramid (TBP) is more expected (cf. [3]). In accor-
dance to this the carbonyl oxygen and the methyl carbon
of the TMS group lying in the plane of the molecule
(C4,C7) occupy the pseudo-apical positions while the
nitrogen and the other two methyl carbons do the pseu-
do-equatorial sites. The O- - -Si—C apical angle (180° for
an ideal TBP) as well as the sum of the equatorial angles
(360° for an ideal TBP) and the distance of the Si atom

Table 4

Characteristic data related to the pseudo-pentacoordination in la—c, 2a,b and 3

Compound 1a 1b 1c 2a 2b 3(Cy) 3 (Cy)
exp. calc. exp. exp. exp. calc. calc. calc. calc.

Pseudo-apical angle (°)

O---Sil-C4 154.2 154.4 155.1% 149.4 159.4 159.0 158.7 161.6

0O---Si2-C7 152.8 154.4 155.1 159.6 159.0 159.1 158.7 161.6

Sum of the pseudo-equatorial angles (°)

> ha(Sil) 329.5 330.0 329.6% 330.5 335.0 334.8 333.6 336.6

> u(Si2) 330.0 330.0 329.6 334.0 334.8 334.8 333.6 336.6

Displacement of Si atom out of the pseudo-equatorial plane ( A )

A(Sil) 0.589 0.600 0.591% 0.579 0.537 0.551 0.564 0.531

A(Si2) 0.580 0.600 0.591 0.547 0.551 0.550 0.564 0.531

Percentage of the trigonal bipyramidality (%)

% TBP,(Sil) 2.1 3.0 2.1% 3.8 11.8 11.4 9.3 14.9

% TBP,(Si2) 3.1 3.0 2.1 9.9 11.4 11.5 9.3 14.9

% TBP.(Sil) 3.5 5.2 3.8% 6.6 20.9 20.1 16.6 26.1

% TBP,(Si2) 5.1 5.2 3.8 17.7 20.1 20.3 16.6 26.1

Molecule numbering as in Fig. 4.

@ A crystallographic twofold axis lying on the C1=01 bond of 1b generates atoms N1, Sil, C2, C4, C5 and C6.
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from the plane defined by the three equatorial atoms
(zero for an ideal TBP) are shown in Table 4.

Furthermore, following Tamao et al. [7], we also cal-
culated the percentage of TBP using formulas below
(note that the second one misprinted in [7,8]):

3
el > 109.5° —é[zﬁﬂj
% TBP, = ——————""1__ 2100
/ N 9}7 109.5° —90°
o~ .. 1 N
(oS — < ::Si N _oh g[2‘4;15"]—109.5"
H3C\\/ %TBP, = —" 4 x100
120" —109.5°
H,C
¢,

where 0, and ¢, (n=1-3) denote the three apical-to-
equatorial and the three equatorial-to-equatorial bond
angles, respectively. Comparison of the %TBP values
as well as the other characteristic data listed in Table 4
indicates that the pseudo-pentacoordination around
the Si atom is more pronounced in the more reactive
six-/seven-membered rings than in the less reactive
five-membered analogues.

In nucleophilic substitution reactions the increased
reactivity of pentacoordinate silicon over tetracoordi-
nate is well documented in the organosilicon chemistry
literature [9]. Theoretical studies have pointed out that
the positive charge on the central silicon atom is not only
maintained but may well be increased by coordination of
an additional ligand, even when the ligand is anionic [10].
Lengthening of bonds, particularly axial bonds, in penta-
coordinate silicon species compared to tetracoordinate
one was also shown. In general, pentacoordinate silicon
complexes with a bidentate ligand have a five-membered
chelate cycle and only few exceptions are known with
smaller (four-membered) chelate cycles [11].

However, in silylated carbamic acid derivatives Pon-
gor et al. [3] concluded on a weak through-space interac-
tion of Si- - -O and Si- - -N type as a part of SiOC(O) and
SiOC(N) four-membered cycles resulting in a strongly
distorted (pseudo-) trigonal bipyramid environment
around the silicon centre. In accordance to these, our re-
sults clearly manifest that the higher solvolysis rate of
compounds can be similarly related to the higher extent
of pseudo-pentacoordination around the silicon atom of
a SiNC(O) chelate cycle in substrates. Hence our simple
static (structure-based) model established essentially for
the interpretation of the high silylating power of sily-
lated carbamic acid esters and related compounds [3]
is also valid for N-silylated cyclic ureas.

3. Conclusion

The structure and reactivity of pentacoordinate
organosilicon compounds has attracted a great deal of
interest mainly for their enhanced reactivity in nucleo-

philic substitution reactions [8,12]. However, from this
point of view, only little attention was paid for the essen-
tially tetracoordinate silicon derivatives with some pseu-
do-pentacoordinate character [13]. From our results, we
concluded on the importance of this phenomenon in the
silylating power of silylated cyclic urea derivatives. This
work can be advanced by designing analogue molecules
of intermediate and of extreme reactivity relative to that
of the above mentioned derivatives. On the other hand,
we are currently investigating model compounds con-
taining biologically important five- and six-membered
heterocycles (e.g. uric acid derivatives) with respect to
their selective silylation/desilylation.

4. Experimental details

All operations were carried out under moisture-free
conditions.

The preparation, the physical and spectroscopic data
of the silyl-ureas 1a,b, 2a,b and 3 are discussed in [4].
Crystals of 1a and 2a suitable for X-ray diffraction study
were obtained by vacuum sublimation. lc crystallised
out as a by-product from the n-hexane solution of 1a.
The single crystal of 1b formed upon cooling the residue
of the thermal decomposition reaction.

4.1. Rate measurements

Tetrahydrofuran (Reanal) predried on KOH pellets
was refluxed on potassium metal and then distilled. n-
Octanol (Biogal) was boiled on calcium hydride before
distillation. LiCl (Fluka) was heated in vacuum oven
at 120 °C for several hours and then stored in a desicca-
tor containing phosphorus pentoxide.

Each 0.5 ml portion of stock solution prepared from
n-octanol, LiCl and internal standard (n-tridecane or n-
tetradecane) in THF was transferred to screw-capped
vial thermostated at 25.0 °C. In a typical run 30 pl of
stock solution of substrate in THF was added to the
solvolysing mixture via rubber septum. Thus, the initial
concentration of substrate, octanol and LiCl was in or-
der 1x1073, 2% 107" and 2x 1072 mol dm>. Samples
of 1 ul were periodically injected to the gas chromato-
graph (Chrompack CP 9000, 25 m x 0.2 mm X 0.33 pm
HP Ultra-1 capillary column, He carrier gas, FID) so
as to obtain at least 10 data points equally distributed
over the 10-90% conversion range. Chromatographic
peak areas were determined by the HP CHEMSTATION
programme.

4.2. X-ray diffraction study
Single crystals of 1a—c and 2a were mounted in glass

capillaries for X-ray data collection. For 1a and 1c data
were collected on a Rigaku RAXIS-II imaging plate



R. Szalay et al. | Journal of Organometallic Chemistry 690 (2005) 1498-1506

1505

Table 5
Crystal data of compounds 1a—c and 2a

la 1b 1c 2a
Empirical formula CgszNzOSiz C10H24NZOSi2 C6H14N20Si C10H24N208i2
Formula weight 230.47 244.49 158.28 244.49
Crystal system Monoclinic Monoclinic Monoclinic Tetragonal
Space group P2lin C2lc P2lla P4,2,2
a (A) 14.624(49) 21.6139(15) 11.345(5) 10.891(6)
b (A) 6.459(54) 6.654(4) 6.410(4) 10.891
¢ (A) 15.534(108) 12.4739(15) 12.898(4) 25.867(18)
o (%) 90 90 90 90
B (°) 102.51(36) 119.305(6) 100.40(3) 90
7 (©) 90 90 90 90
V(A% 1432.4(162) 1564.3(9) 922.5(7) 3068(3)
VA 4 4 4 8
Deare (gcm™) 1.069 1.038 1.140 1.059
u (mm™h 0.226 1.919 0.199 1.957
0 Range for data collection (°) 1.73-26.02 4.69-75.10 3.21-23.40 4.40-75.09
2 (A) 0.71069 1.54178 0.71069 1.54178
Unique reflections collected 2699 1508 1308 1827
Observed reflections [I > 2a(])] 1560 827 933 1005
Data/parameters/restraints 2694/130/12 1508/78/0 1308/95/0 1827/146/0
Ry [I>20(D)] 0.0807 0.0693 0.0703 0.0446
WR, (all reflections) 0.2626 0.2496 0.2731 0.1345
Maximal/minimal Ap (e A7) 0.197/-0.214 0.490/—0.334 0.217/-0.204 0.214/-0.181

detector using graphite-monochromated Mo Ka radia-
tion at 293 K. For 1b and 2a data were collected on a
Rigaku AFC6S diffractometer using graphite-mono-
chromated Cu Ko radiation at 293 K. Structure solu-
tions with direct methods were carried out with the
teXsan package [14]. The refinements were carried out
using the SHELXL package [15] with full-matrix least-
squares method on F°. All non-hydrogen atoms were re-
fined anisotropically. Hydrogen atoms were generated
based upon geometric evidence and their positions were
refined by the riding model. In the crystal structure of 1b
a crystallographic twofold axis lies on the the carbonyl
moiety of the molecule. The methyl substituent of the
five-membered ring, which does not fit the twofold sym-
metry, is disordered in the structure. In the crystal struc-
ture of 2a the six-membered ring is present in its both
sofa conformations due to disorder (the occupancies re-
fined to 0.51928 and 0.48072). Crystallographic data for
compound la—c and 2a are summarised in Table 5.

5. Computational details

Ground-state equilibrium geometries have been
determined at the DFT level [16] using Becke’s nonlocal
three-parameter exchange functional [17] and the
Lee—Yang—Parr correlation functional [18] (B3-LYP),
supplemented by the 6-31G* basis set [19]. The afore-
mentioned calculations were made by the GAUSSIAN
98 [20] suite of programmes. The natural population
analysis (NPA) of Weinhold [21] was used in order to
determine the s character of the nitrogen in the Si-N

bonds and interpret the one-electron density at the B3-
LYP/6-31G* level. For compound la C,, symmetry
was postulated. For 2a and one conformer of 3 C, for
the other conformer of the latter compound (3) C, sym-
metry was assumed. The equilibrium structure of 2b was
determined starting from the equilibrium ring structure
of 2a with a non-symmetric substitution.

6. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC No. 244370 for compound la,
CCDC No. 244367 for compound 1b, CCDC No.
244368 for compound 1¢ and CCDC No. 244369 for
compound 2a. Copies of this information may be
obtained free of charge from the Director, CCDC, 12
Union Road, Cambridge, CB2 1EZ, UK (fax: +44-
1223-336033; e-mail: deposit@ccdc.cam.ac.uk or http://
www.ccdc.cam.ac.uk).
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