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Abstract: Tetrakis(\,N-dimethylhydroxylamido)silane, Si(ONMg (1), and the analogous ethyl compound, Si-
(ONEb)4 (2), have been prepared by the reaction of silicon tetrachloride with 4 equiv of the corresponding lithium
N,N-dialkylhydroxylamide. The compounds have been characterized by elemental analysis, IR spectroscopy, NMR
spectroscopy of the nucléH, 13C, 15N [including the determination ofJ(?°Si’®N) coupling constantst’O, and

29Si, and nominal and high-resolution mass spectrometry. A crystal structure determinatishamed the molecule

to be (4+ 4)-coordinate with short SN contacts [2.514(3)2.555(3) A] and narrow SiON angles [109.&n
average]. For comparison, the crystal structure of the isoelectronic Si(OQkl e situ grown crystal) was
determined, showing the absencefaflonor interactions and an SiOC angle of 124.7.(1Ab initio calculations

have been performed on the model compounds Si(@Nthd HSIONMe; as well as the electronegatively substituted
fluoro derivatives FHSIONMe, and BESIONMe; up to the MP2/6-311G** level of theory. Si(ON¥4 is predicted

to adoptC, symmetry and to have an SiON angle of only 109v&hile the interactions in the other model compounds

are predicted to be much stronger, as indicated by their SION ang&ONMe, 102.5, FH,SiONMe, 90.C°, and
F3SIONMe, 93.8. The results are discussed with respect to the consequences of enlargement of the coordination
sphere at the silicon atom, the unique chemical behavi@rsifylhydroxylamines (in particular their fast nucleophilic
substitutions reactions), and the resulting use of this class of compounds in the silicone rubber industry.

Introduction —ONR; groups that are already bound to a silicon center and
. ) ) HONR; reagents which could be bound intermediately to a

‘Organosilicon ethers of hydroxylamine and oximes have been sjjicon atom, which would become hypercoordinate in this way.

widely used as cross-linking agents for low-molecular-weight The enhanced reactivity of hypercoordinate silicon compounds

silicone rubbers used for example in electrical and transport 55 peen subject of many investigations and has been discussed

engineering, construction, and medicife. Their advantages i detail in recent reviews by Holmésnd Chuitet al5 The

are their stability under anhydrous conditions but ready hy- interaction of four-coordinate silicon with weak nucleophiles

drolysis by exposure to air moisture. Not only are they acting s giso well establisheds.g, from the work of Martinet al®

as polyfunctional reagents which form the basis for the cross- We have now investigated the synthesis of tetraks

links but also as catalysts which accelerate the cross-linking dialkylhydroxylamido)silanes, Si(ONR,, and report here the
proces€. Recently, an increased reactivity and sensitivity of hypercoordination of the o,ctamethyly derivative, including

SII_? :‘unictilg?ﬁ mr polz(phefnylflllar;e) rt#wer\;[d r;)glrﬂy?ii Or: | comparisons with the isoelectronic but donor-free alkoxides and
alconolysis e presence of catalytic amounts o unctional y,q yretical studies on simpler related model compounds. Rapid

h%/_dr_o_x?;lafmlnes dwaﬁ (rjepor}ed,_énd_lljced by l:he high relilctlvny progress in the chemistry of hypercoordinated silicon compounds

facs ratsed the Question whether the mirogen atoms of tosel! (1€ 1351 fen years has included the description of some

hydroxylamines exert a purely electronic effect on the oxygen “se.ver)-coordln.ate_d" specieSand has_ recently found its .h'gh

atoms or whether they can act as donor centers toward siliconIOOIm in establishing a (4 4)-coordinated molecule, bis-1-

. ; S [2,6-bis(dimethylaminomethyl)phenyl]silafeThe coordination

in such compounds and regcuons_. The venflcatlo_n _of the latter geometry of silicon in this compound was described as aHBiC

case would help to explain the increased reactivity of both, tetrahedron, tetracapped by four nitrogen donor centers having
* Correspondence to Dr. Norbert W. Mitzel, Anorganisch-chemisches distances of 2_'895 and 3.117 A. Another silicon compound,

Institut, Technische Universitaiinchen, Lichtenbergstrasse 4, D-85747 [CeH2(CFs)3]2SiF, was also reported to have a tetracapped

Garching, Germany. tetrahedral geometry about the silicon atom, with the four donor
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Based on the knowledge of the existence of eight-coordinate u(Mo-K.) = 0.167 mm%. A colorless plate of dimensions 0.66

transition metal hydroxylamides such as Ti(ONJg213 our
recent observation gf-donor bonding by hydrazide ligands
toward silicon centers in the compound&l(NMeNMey), has

stimulated us to attempt the synthesis and structure elucidation

of homoleptic O-hydroxylamides of p-block elementsO-
Hydroxylamides also contajfrdonor functionalities, but bound
to a-oxygen atoms, which are more electron-withdrawing than
the a-nitrogen atoms in the hydrazides.

Because of the backbonding exerted from the most electro-

negative elements (F, N, O), the electrophilic properties of

0.65 x 0.10 mn¥ was mounted on a Stoe Stadi-4 four-circle diffrac-
tometer equipped with an Oxford Cryosystems open-flow cry®stat
and graphite-monochromated Maq:KK-radiation. A total of 2637
unique reflections was collected t@2x = 50° usingw/26 scans. Of
these 1804 ha#f, > 40(F,), and 2582 were used in all calculations.
The structure was solved by direct methods and refine&fmusing
SHELXTL/PC¢ with H and non-H atoms allowed isotropic and
anisotropic thermal motion, respectively. After their location in a
Fourier difference synthesis the H atoms could be refined without
geometrical restraints. With the weighting schewid = 0(F?) +
(0.05P)% + 1.3, P= Y3[MAX( F,%,0) + 2F-F, final convergence gave

silicon do not increase as much as might be expected from theconventionaRi[F, = 49(F,)] = 0.0457 andvR[F,? all data]= 0.273

electronegativity of such substituents. The limit of hyperco-
ordination ofhomolepticsilicon species has been seen in the
six-coordinate Sif?~ and tris(catechol)silicatés. It has also

for 251 refined parameterF?] = 1.06. A secondary extinction
correctiot® refined to 0.0042(13) and the final Fourier difference
synthesis had no feature outside the rar@e36— —0.31e A3,

3: Crystal data: @H230,Si: M = 264.43, tetragonal, space group

been postulated that an enlargement of the coordination spherq4l/a a = 8.0422(5),c = 24.653(2) A,U = 1594.4(3) & [from 88

of silicon in homoleptic compounds is unlikely because of the

reflections, 30< 260 < 32°, 1 = 1.54184 A T = 150.0(2) K],Z = 4,

increase of the energy of such systems with decreasing molecD.,; = 1.102 Mg m3, u(Cu-K;) = 1.325 mm’. A colorless
ular and crystal symmetry, which cannot be compensated for cylindrical crystal was grown by cooling the sample sealed in a glass

by the formation of weak Si-N donor bonds.

Experimental Section

Standard inert gas techniques were appli&€ [NMR: Bruker
AM250, 2°Si NMR: Bruker WP200!H, *N, and*’O NMR Jeol JNM-
GX 400 spectrometer, MS/HRMS: Kratos MS50TC, IR: Perkin EImer
FTIR 1650].

Si(ONMey)s (1). A 2.5 M solution (50.0 mL) ofn-butyllithium
(0.125 mol) was added dropwise to a solution of 7.8 g obN@H in
150 mL of hexane at @C. Silicon tetrachloride (3.57 mL) was added,
and the resulting suspension was allowed to warm to ambient
temperature and refluxed for 1 h. The mixture was filtered, and the
volume of the solution was reducedda. 30 mL by distillation under

capillary from 148.3 to 145.0 K (after growing a suitable seed crystal)
on a Stoe Stadi-4 four-circle diffractometer equipped with an Oxford
Cryosystems open-flow cryostatand graphite-monochromated Cu-
Ko X-radiation. Empirical absorption correction B¥-scans was
applied Tmivmax 0.245 and 0.330). A total of 2226 reflections were
collected to Znax= 120 asw-6 scans of which 593 were independent.
Of these 555 hadr, > 40(F;). The structure was solved by direct
methodsSHELXTL/P@%and refined orF,? using SHELXL937 with

H and non-H atoms allowed isotropic and anisotropic thermal motion
respectively. After their location in a Fourier difference synthesis the
H atoms could be refined without geometrical restraints. With the
weighting scheme W = ¢%(F,?) + (0.033%°)? + 0.77P, P= Y/3[MAX-
(Fo?,0) + 2FF final convergence gave conventiorRi[F, > 40(Fo)]

= 0.0314 andvR,[F? all data]= 0.0827 for 68 refined parameters,

reduced pressure. Large crystals (6.23 g, 74%) were obtained upongF? = 1.10. A secondary extinction correctidrwas refined to

slowly cooling the solution te-30 °C: mp 42°C. H-NMR (250.13
MHz, CsDg): 6 = 2.61 [s,XJ(CH) = 137.8 Hz]. 33C{'H}-NMR (62.90
MHz, C¢Dg): & = 20.6 [s]. ®N{H}-NMR (40.51 MHz, GDg): 6 =
—249.2 [5,J(2°S5N) = 1.8 Hz]. O-NMR (54.21 MHz, GDg¢): 6 =
135. ?°Si-NMR (39.76 MHz, GDg): 6 = —73.7 [s]. IR: (solid
film): v = 2998 s, 2951 s, 2860 s, 2812 s, 2774 m, 2765 s, 1471 s,
1465 s, 1442 s, 1427 m, 1414 s, 1392 vw, 1215 m, 1208 s, 1177 w,
1148 w, 1088 m, 997 s, 964 vs, 910 vs, 767 s, 688 micnMS (El,
70 eV): m/z(%) = 268, 208 [69, Si(ONMgs+], 183, 165, 138, 122,
106, 44 (100). HRMS: €H»4N4O,Si, Calcd. 268.15668, Found
268.15748. Elemental analysis (calcd/found in %): H, 9.02/8.93; C,
35.80/35.52; N, 20.89/21.07.

Crystal Structure Determinations. 1: Crystal data: @H24N4Os-
Si: M = 268.40, monoclinic, space grolg2./n (Alt. P2;/c, no. 14),
a = 8.094(3),b = 19.200(8),c = 10.138(4) A,3 = 107.88(4), U =
1499.4(10) & [from setting angles of 13 reflections, 3026 < 32,
A = 0.71073 A T = 150.0(2) K],Z = 4, Dcaca = 1.189 Mg nt3,

(10) Carfe F.; Chuit, C.; Corriu, R. J. P.; Mehdi, A.; Rey€. Angew.
Chem.1994 106, 1152;Angew. Chem., Int. Ed. Endl994 33, 1097.

(11) Braddock-Wilking, J.; Schieser, M.; Brammer, L.; Huhmann, J.;
Shaltout, RJ. Organomet. Chen1996 499, 89-98.

(12) Mitzel, N. W.; Parsons, S.; Blake, A. J.; Rankin, D. W.JChem.
Soc., Dalton Trans1996 2089-2093.

(13) Wieghardt, K.; Tolksdorf, I.; Weiss, J.; Swiridoff, ... Anorg.
Allg. Chem.1982 490, 182.

(14) Mitzel, N. W.; Smart, B. A,; Blake, A. J.; Parsons, S.; Rankin, D.
W. H. J. Chem. Soc., Dalton Tran$996 2095-2100.

0.0179(11), and the final Fourier difference synthesis had no feature
outside the range-0.10— —0.18 e A3,

Ab initio Calculations. Ab initio molecular orbital calculations were
carried out for the systems Si(ONf H;SiONMe,, FH,SiONMe,, and
F;SiONMe; using the Gaussian 94 prograf Geometry optimization
calculations on model compounds were undertaken at the SCF level
using the standard 3-21G#%;2! 6-31G*, %2724 and 6-311G*#526pasis
sets, while the larger two basis sets and one to probe the effects of

(15) Cosier, J.; Glazer, A. Ml. Appl. Crystallogr.1986 19, 105.
(16) Sheldrick, G. MSHELXTL/PCversion 5.03;Siemens Analytical
X-ray Instrumentation Inc.: Madison, WI, 1995.

(17) Sheldrick, G. MSHELXL93 Universita Gittingen, Germany. 1993.
(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-

Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94, Résion C.2 Gaussian,
Inc.: Pittsburgh, PA, 1995.

(19) Binkley, J. S.; Pople, J. A.; Hehre, W.Jl.Am. Chem. S0d.980
102 939-947.

(20) Gordon, M. S.; Binkley, J. S.; Pople, J. A.; Pietro, W. J.; Hehre,
W. J.J. Am. Chem. S0d.982 104 2797-2803.

(21) Pietro, W. J.; Francl, M. M.; Hehre, W. J.; Defrees, D. J.; Pople, J.
A.; Binkley, J. S.J. Am. Chem. S0d 982 104, 5039-5048.

(22) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl972 56,
2257-2261.
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diffuse functions (6-3+G*) were used for calculations at the MP2
level of theory. A single additional geometry optimization was
performed for HSIONMe; at the MP4SDQ/6-31G* level to test the

effects of a more complete description of electron correlation. Vibra-
tional frequency calculations were performed from analytic second

derivatives at the SCF level of theory (MP2 for;$ONMe).

Molecular geometries and absolute energies are reported in the table

and the Supporting Information.

Results and Discussion

Synthesis. The reaction of silicon tetrachloride with lithium
N,N-dimethylhydroxylamide im-hexane affords Si(ONM#
(1) in 74% yield as a crystalline and sublimable material.

SiCl, + 4LiONMe, — 4LiCl + Si(ONMe)),
D

The identity of 1 was proved by elemental analysis, IR

spectroscopy, nominal and high resolution mass spectrometry,

and by NMR studies of the nucléH, 13C, 15N, 170, and?°Si.
The ethyl analogue df, Si(ONEb),4 (2), was also prepared by

a similar route, although a different synthetic pathway to this

compound has been described befdrét ambient temperature

it is a liquid, which solidifies as a glass upon cooling and is
difficult to purify by distillation due the occurrence of some
decomposition at the boiling temperature (%8 0.1 mbar).

NMR Spectroscopy. In the 2°Si NMR spectrum of2 a
resonance is found at59.9 ppm, whereas that @fappears at
a much lower frequency of-73.7 ppm, indicating a higher
coordination number of the silicon centerims compared to

J. Am. Chem. Soc., Vol. 119, No. 18, 189925

inversion activation energy is in the range observed for inversion
of the nitrogen pyramids in comparable alkylhydroxylamieies.
The >N NMR spectra ofl and2 show resonances at249.2
and—221.8 ppm, respectively, which are shifted toward higher
frequencies as compared to the free hydroxylamines HONMe

and HONE% (—267.6 and—244.1 ppm respectivelyf, which

are probably aggregated by H-bridges in solution, as has been
shown for solid state OH-functional hydroxylamines by X-ray
crystallography?132 In light of this comparison, the deshielding
of the nitrogen nuclei irl and2 is consistent with involvement
of the nitrogen atoms in donor -SiN bonds, which should be
stronger than the hydrogen bonds in the corresponding OH
functional hydroxylamines.

Under high resolution conditions, th&N NMR resonances
of 1 and2 are flanked by pairs oiSi satellites corresponding
to J(2°Si'>N) coupling constants of 1.8 and 2.7 Hz, respectively.
Values for2J(?°Si'®N) are rarely found in the literature, and one
example is a value of 5.0 Hz for (M8i)(CLSi)NSN(SiMej3)-
(SiCl,SiCl3).33 However, the occurring of such a coupling has
never been observed before in SION systems, even not in an
ultrahigh-resolution study dfl,O-bis-(trimethylsilyl)hydroxyl-
amine3* The observation of these couplings Inand 2 is
therefore indicative of an unusual-SN interaction, and the
magnitude of these couplings is consistent with the range of
values oftJ(2°Si**N) for Si=N donor bonds in silatranes (6-1
3.4 Hz)%®

In contrast to the observed differences in #id chemical
shifts of 1 and 2 as compared to those of the OH functional
hydroxylamines, the’O chemical shifts of both pairs of
compounds are rather similar and nearly indistinguishable,
considering the experimental uncertainties caused by the broad-

2. The difference can be attributed to the larger space requiredness of the resonanced: and 2 have resonances at 135 and

by the ethyl groups 2 as compared to the methyl groups in

133 ppm, while HONMgand HONE;# resonate at 139 and 122

1, thereby reducing the interaction between the nitrogen atoms pnm respectively (uncertainties. 3 ppm)3°

and the silicon center i2. However, the’®Si chemical shifts
of 1 and2 are not very different from those of the tetraalkoxides
of silicon [Si(OMe), —79.2, Si(OEt) —82.4 ppm] and so do
not provide definitive evidence for hypercoordination in solution.

The proton NMR spectrum ofl shows only one sharp

X-ray Crystallographic Analysis of 1 and the Isoelectronic
Si(O'Pr),4. Structural studies on compourchave not proved
possible, because it is a liquid, which is difficult to purify and
solidifies as a glass. However, we were fortunate to be able to
crystallize compound and successfully carry out the analysis

resonance, which remains unchanged upon cooling. This of single crystal X-ray diffraction data. The crystals comprise

indicates that either the coordination of the NMgoup to the
silicon atom is weak € 30 kJ mot™) or the molecule adopts
the maximum possible time averag8&dsymmetry in solution.
In contrast, theH NMR spectrum of2 shows a significantly

monomers ofl with no crystallographically imposed symmetry.
However, the molecular geometry dis close toC, symmetry
(see Figure 1 and Table 1). The basic tetrahedral structure of
the SiQ core is retained, but it is markedly distorted (four

broadened resonance for the methylene group at ambientO—Si—O angles areca. 106°, two areca. 116°). The N-O

temperature. By cooling a toluene solutior2pthis resonance

bond lengths irl are 1.474 A on average, which is about 0.02

splits into two well-resolved doublets of quartets, whereas upon A [onger than in the hydroxylamine HONMé§1.452(2) A]32
heating a single sharp quartet can be recorded. The coalescence post intriguingly, thep-nitrogen atoms come close to the

temperature ixa. 20 °C (at 400 MHz proton frequency),
providing us with an estimate of an equilibration barriecaf

59 kJ mofl. The diastereotopism of the methylene units is
caused by the chirality of the helicoidally coordinated silicon
atom, and the equilibration is equivalent to inversion of the
chirality at silicon, which involves partial rotation of the ONEt
groups about the SiO and N-O bonds. Comparable systems
have been discussed previoudly. The magnitude of this

silicon center, leading to overall (4 4)-coordination. The
conformations of the NMegroups are such that the nitrogen
lone pairs are oriented toward the silicon centers to maximize
the interaction. The angles at the nitrogen atomg [ONC
104.1(3)-105.9(3y, CNC 110.3(3)-111.1(3)] are very similar

to those of HONMegin the solid state where the latter molecule
is aggregated by hydrogen bonds in infinite chains [HOMMe
ONC 104.8(2)-106.6(2), CNC 110.5(2)-110.6(2%].%2

(23) Hariharan, P. C.; Pople, J. Aheor. Chim. Acta1973 28, 213—
222.

(24) Gordon, M. SChem. Phys. Lett198Q 76, 163.

(25) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, 1.AChem. Phys.
198Q 72, 650-654.

(26) McLean, A. D.; Chandler, G. S. Chem. Phys198Q 72, 5639
5648.

(27) Pande, K. C.; Ridenour, R. E. French Patent, 1 506 195 Chem.
Abstr. 1968 69, 106868.

(28) Carre, F.; Chuit, C.; Corriu, R. J. P.; Mehdi, A,; Reye.
Organometallics1995 14, 2754-2759.

(29) Raban, M.; Kenney, C. Wletrahedron Lett1969 1295.

(30) Mitzel, N. W.; Schmidbaur, HZ. Anorg. Allg. Chem1994 620,
1087-1092.

(31) Mitzel, N. W.; Angermaier, K.; Schmidbaur, @. Naturforsch. (B)
1995 50, 699-701.

(32) Mitzel, N. W.; Smart, B. A.; Parsons, S.; Rankin, D. W.JHChem.
Soc., Perkin Trans.,21996 2727-2732.

(33) Wrackmeyer, B.; Frank, S. M.; Herberhold, M.; Simon, A.;
Borrmann, H.J. Chem. Soc., Dalton Tran$991, 26072613.

(34) Kupte, E.; Lukevics, EJ. Magn. Reson1988 88, 359-363.
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Table 1. Selected Geometrical Parameter Values [A/deg] of Si(ONMg) and Si(OPr), (3) as Determined by X-ray Crystallography

Si(ONMe)4 (1) Si(OPr (3)
Si—0(10,20,30,40) 1.646(2), 1.637(2), 1.636(2), 1.636(2) —Gi 1.615(1)
0(10,20,30,40% N 1.471(3), 1.478(3), 1.474(3), 1.474(3) 0-C(1) 1.445(2)
N—C (range) 1.452(4Y1.460(4) C(1»C(2,3) 1.499(2), 1.507(2)
O(10)-Si—0(20,30,40) 116.4(1), 106.1(1), 105.7(1) O-§f 106.82(4)
0(20)-Si—0(30,40) 106.5(1), 106.1(1) 'S@i—0" 114.91(8)
O(30)-Si—0(40) 116.4(1)
Si—0—N(11,21,31,41) 110.0(2), 108.1(2), 107.7(2), 110.4(2) —GHC(1) 124.7(1)
O—N—C (range) 104.1(3) 105.9(2) 0-G-C(2,3) 108.3(1), 108.4(1)
C—N—C (range) 110.3(3)111.1(3) C(2)-C(1)-C(3) 113.1(2)

b P

ci wo %
v i

Figure 2. Structure of3in the crystal. The thermal ellipsoids represent

Figure 1. Structure ofl in the crystal. The thermal ellipsoids represent {ne 509 probability level, and hydrogen atoms are drawn as spheres
the 50% probability level, and hydrogen atoms are drawn as spheresys arpitrary size.

of arbitrary size.

. ) L symmetry and are present as monomers in the crystal. Only a

The average SN distance is 2.537 A, which is much shorter o other related acyclic compounds containing the Si¢OC)
than the sum of the van der Waals radii of silicon and nitrogen 4.« have been structurally elucidated: silicon(IV) acéta®
(3.54 A)36 However, because the Siand N atoms are separated, 4 tetrakigy,N-diisopropylcarbamat®)silicorf2 (5) and one
by only two bonds, the maximum distance between them is organometaII,iC compound containing aE0Si(OMe) (6)
necessarily restricte_d @ 3.1 A (if <SiONis .180)' A better unit.*3 In all of these compounds includirgthere is a similar
parameter to descrlb_e th_e str_ength of aﬁl\Blnterac_tlon anq distortion of the tetrahedral coordination sphere of silicon, with
to elucidate the bonding in thls kind of compo.und is the SION two OSIO angles being markedly compressed 1 dhile four
angle, the average of which is 109fbr 1. .Th's’. IS much more OSiO angles are widened (175 A similar pattern is found
acute than in comparable compounds witiSilinkages such for 1 (four of 106, two of 116), indicating that this part of the

as HSIOCH, Where itis as Ia_rge as 120.1(%y . structure is not markedly affected by the shorti$icontacts.
It should be mentioned that in the related compound tetrakis- The Si-O bond length ir8 is 1.615(1) A, which is in a well

(acetonoximato)silane, Si(GNCMe,),4, an angle of 111.9has . . .

been found by crystallograpi#§. In the compound bis- Zﬁfﬁ"zgesdﬁg"”ge for this parameter (compare.624;5: 1.621
(acetonoximato)methylchlorosilaggSiCIMe(ON=CMey),, the ' '
SiON angles are even narrower than in Si€@BMey), and . - L
comparable to those i, Recent crystallographic studies of SIOC angle in3 enabled us to show that it is compressed by
two N,N-bis(trimethylsilyl)-O-(organofiuorosilyl)hydroxylamines 1Ot less than 15%relative to the latter, which is as wide as
showed these compound to have much wider SiON ang|e3124.7(1) and seems to be typical for such a structural unit.

(117.6 and 1209 thanZ, probably because of steric repulsion Compare the average angles4n 125.7,5: 124.4, and6:
and the reduced basicity of the silylated nitrogen afém. 130.3. According to the predictions of VSEPR theéty

In order to elucidate the nature of bonding in SiON linkages Substitution of a CHMggroup by a more electronegative NMe
we wished to compare the structure bfwith that of the ~ 9roup might be expected to compress this angle slightly but by
isoelectronic tetraisopropoxysilane, Si@), (3). We therefore ~ Very much less than the observed difference of 15.6
also investigated the structure@)fwhich does not contain donor Three major contributions to the magnitude of the SiON angle
centers like the nitrogen atomsin As 3 is a liquid at ambient in 1 have to be considered: contraction caused by the attractive
temperature, a crystal had to be grownibgitu techniques on  interaction of Si and N atoms (either by donor bond formation

A comparison of the SiON angle thwith the corresponding

the diffractometer. Molecules @& have crystallographi&, or electrostatic attraction); widening caused by negative hyper-
(36) Emsley, JThe ElementsClarendon Press: Oxford, 1989. Con.IUQat!on bet_ween P typ_e_ orbitals at oxyg_en a_md low-lying
(37) Barrow, M. J.; Ebsworth, E. A. V.: Harding, M. Mcta Crystallogr antibonding orbitals at the silicon centérmnd widening caused

1979 35B 2093.
(38) Gurkova, S. N.; Gusev, A. I|.; Alexeev, N. V.; Ryasin, G. V., (41) Kamenar, B.; Bruvo, MZ. Kristallogr. 1975 141, 97.

Fedotov, N. SZh. Strukt. Khim1983 24, 160-161. (42) DellAmico, D. B.; Calderazzo, F.; Defihocenti, M.; Guldenpfennig,
(39) Gurkova, S. N.; Gusev, A. |.; Alexeev, N. V.; Fedotov, N. S.; Ryasin, B.; lanelli, S.; Pelizzi, GGazz. Chim. 1tal199Q 123 819.

G. V.; Polyakova, M. V.; Sokolov, V. VZh. Strukt. Khim1979 20, 160— (43) Knorr, M.; Braunstein, P.; DeCian, A.; FischerQfganometallics

161. 1995 14, 1302.
(40) Wolfgramm, R.; Klingebiel, UProceedings of the 12th International (44) Gillespie, R.; Robinson, E. Angew. Cheml996 108 539;Angew.

Conference on Organosilicon ChemistiMontpellier, France, 1996. Chem., Int. Ed. Engl199§ 35, 477.



-Donor Bonds in SiON Units
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Figure 3. Calculated molecular structures of Si(ONH(A), Hs
SiONMe (B), FH,SiONMe; (C), and ESiONMe;, (D) at the MP2/6-
311G** level of theory. See Table 2 for a comparison of relevant
geometrical parameter values.

©)

Table 2. Selected Geometrical Parameter Values for Si(QhH
HsSIONMe,, FH,SIONMe,, and ESIONMe, Deduced from ab Initio
Calculations at the MP2/6-311G** Level of Theory

Si(ONH,)s HsSIONMe, FH,SIONMe, F;SiONMe

Si-0 1.656 1.682 1.679 1.642
O-N 1.448 1.459 1.465 1.478
Si—0-N 109.5 102.5 90.0 93.8
SN 2.538 2.454 2.229 2.281
O-Si-O 114.1

0-Si—0" 114.2

N—C 1.461 1.458 1.458
Si—H/F(4) 1.490 1.616 1.590
Si—H/F(6/5) 1.489 1.466 1.589
O-N-C 104.9 106.2 105.7
O-Si—H/F(4) 104.6 104.9 106.0
O-Si—H/F(4) 1116 112.1 114.0

by the steric repulsion between the four NMgroups at the
SiO, core.
Ab Initio Calculations on Model Systems. In order to

J. Am. Chem. Soc., Vol. 119, No. 18, 19927

The calculations on the model system Si(OiNHIso reproduce
the C, symmetry, which was also found (approximately) for
the skeleton of the parent compoudd Calculations with
symmetry restrictions tB,q andS, symmetry do not correspond

to local minima on the potential energy hypersurface, as was
shown by frequency calculations.

Markedly lower values for the SiON angle are predicted for
H3SiONMe,, with our best estimate being 102.&t the MP2/
6-311G** level of theory (similar to that calculated for MeH
SiONMe, at the MP2/6-31G* levéf). In comparison to this,
the wider angle in Si(ONE4 can be explained by the com-
petiton of the four nitrogen donors for the silicon acceptor atom,
which leads to a weaker coordination of each of the nitrogen
donor centers. The coordination sphere gEDNMe, can be
described as (#1)-coordinated, as also indicated by the different
angles OSiH: those two hydrogen atoms which are close to
the NMe group have OSiH angles widened to 11 6hereas
the position of the third hydrogen atom is defined by an angle
of only 104.6.

To gauge the effects of electron-withdrawing substitution at
the silicon atom we calculated the structure for the fluoro-
substituted compound FBIONMe,. The prediction for the
SiON angle in this compound is as low as 900 the MP2/
6-311G** level of theory. This value is comparable to the TiON
angles in Ti(ONMe),4 which are 82.1(1) and 74.1(l&ccording
to a crystal structure determinatiéh.The OSiH angles in Fid
SiONMe, become as wide as 112, Wwhereas the OSiF angle
is compressed to only 104.9

Going one step further, we calculated the structure of F
SiONMe,. Despite the presence of three electron withdrawing
fluorine substituents at the silicon atom, the SION angle is
predicted to be slightly wider (93 Bthan in FHSIONMe,. This
can be rationalized by a subtle balance between the electron
withdrawing effect, which should lead to a further compression
of the SiON angle with more fluorine substituents at the silicon
atom, and the increasing back-bonding exerted by more fluorine
lone pairs of electrons, leading to a widening of the SiON angle
by decreasing the electrophilicity of the silicon center. An
alternative explanation is the greater steric demand of 8¢ F

distinguish between the contributions outlined above we per- group as compared with the E8i group.

formed a carefully graded series ab initio calculations on
the model system Si(ONW;, as well as on the simpler
HsSiONMe, and its electronegatively substituted fluoro deriva-
tives FHSIONMe, and RSIONMe,. Their calculated geom-

Conclusions

By comparing the crystal structures of Si(ONpkeand of

etries are shown in Figure 3. Table 2 shows some important the isoelectronic Si(OCHM#, we have shown that the silicon
geometrical parameter values. In general, the quantum chemicaftom in Si(ONMe), is a (4+ 4) coordinate due to thé-donor

results for systems containing-SD—N linkages are sensitive

interactions exerted from the nitrogen atoms of the Miyteups.

to the theoretical method adopted, and high level calculations Ab initio calculations on the model compound Si(ONH
are necessary for a correct description. Simple SCF calculationssupport this finding. Calculations (up to MP2/6-311G**) on

tend to underestimate grossly the strength of theéNSnterac-
tion, giving angles which are much too large.

For the model compound Si(ON}, which is the analogue
of 1 without methyl groups, the introduction of polarization

the simple model compound;BiONMe, show that the occur-
rence of Si-N—{-donor interactions is an inherent property of
compounds containing the SiON unit. These interactions are
stronger if electronegative substituents are bound to the silicon

functions and electron correlation was crucial to obtaining atom and amongst all the model compounds$iBNMe;, was
realistic estimates for the SiON angles, in the range defined by Predicted to that with the maximum strength of the-Bi—f-

the crystal structure of. Our best estimate for this angle is
109.5 at the MP2/6-311G** level of theory, which is close to
the magnitude found experimentally fbi(109.7 on average),

donor interaction.

The occurrence of SiN—g-donor interactions is probably
one of the reasons for the unique behavior of the class of

and indicates the absence of strong repulsive forces betweerO-hydroxylamidosilanessSi—ONRy: the partial five-coordina-
the methyl groups and of significant distortions due to packing tion [or better (4-1)-coordination] can be expected to lead to

forces in the crystal. The strength of the-8\l donor interaction

a dramatic acceleration of nucleophilic substitution reactions

in 1is therefore not overestimated by the crystallographic results. at the silicon centers, as has been shown experimentally for a

(45) Beach, D. B.; Jolly, W. Linorg. Chem.1984 23, 4774.
(46) Mitzel, N. W.; Hofmann, M.; Waterstradt, E.; Schleyer, P. v. R.;
Schmidbaur, HJ. Chem. Soc., Dalton Tran994 2503.

few systems befofé and which has already found wide
application in the silicone rubber industy. According to our
experimental and theoretical findings, the “cold curing catalysts”
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Scheme 2
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R= alkyl, silyl (polymer)

used in the cross-linking step for silicone rubber production  Further studies on model systems involvfiiglonor bonding
could be made more active if strongly electronegative elementswith a systematic variation of the electronic properties of the
are bound to their silicon atoms. However, the influence of silicon and nitrogen centers will provide us with estimates about
different substituents R in theeSi—ONR, unit have not yet the facilitation of {2 reactions in these systems, with the
been studied in great detail but can be expected to be anpromise of a broader application in synthesis. Numerous
important contribution to the electronic properties of the nitrogen attempts to prepare the basic model systej8i&NMe,, which
atom and thus for the strength of the-8l—/-donor interaction. was discussed above have so far been unsuccessful, but further
Such investigations have to follow. investigations are in progress. We have also started a study of
The g-donor bonding in SION systems can also be seen asthe structure ofl in the gas phase by electron diffraction in
one contribution to the observed 1,2-dyotropic rearrangementsorder to exclude the omnipresent effects of packing forces in
of N,O-disilyl- and -germylhydroxylamines, which have been crystals.

the subject of many investigations on the mechanisms in- )
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