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Abstract

The di-tert-butyl(di-rert-butylphenylsilyliminosilane R ,Si=NR’ (R = CMe,, R’ = Si{CMe,),Ph) (1) reacts with compounds having
acidic protons to give insertion products. Treatment of 1 with ethanol leads 1o the silyl ether (R ,SiOC, HNHR) (2). In reaction with HCl
the aminochlorosilane (R ,SICINHR') (3) is formed. Compound 3 is also obtained by hydrolysis of the corresponding lithium derivative.
Compound 1 reacts with acetone (4) and 2,3-dimethyl-1,3-butadiene (5) in an ene reaction to give the isopropenyloxysilylamine
R,SiOC(CH,)Me-NHR' (4), and the 4,5-dimethylene-1-aza-2-silahexane (R ,Si(C H,)-NHR’ (5). Compound 1 combines with 2,6-(li-
ethylphenylazide in a [2 + 3)-cycloaddition to give the tetraazasilacyclopentene R ,SiNR'(NR"IN, (R” = 2,6-CH (C, H;),) (6). Treat-
ment of 1 with THF leads 10 the THF adduct R,Si(THFINR' (7). The latter reacts with 1,4-dihydroxybenzene by insertion into the O-H
bonds to give the 1.4-bis(1-0xa-3-aza-2,4-disilabutybenzene 1,4-C,H (OSiR ,-~NHR'), (8). With divinyloxyethane the bis(1-aza-2-sila-
cyclobutyloxy)ethane 1,2-C;H (OCHCH,SiR2NR'), (9) is formed in a [2 + 2)-cycloaddition. The crystal structures of § and 6 are

described
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i, Introduction

Development of the chemistry of multiple bond sys-
tems involving heavier main group elements is one of
the most fruitful recent innovations in inorganic chem-
istry, in spite of the fact that such compounds were
formerly considered to be unstable and synthetically
inaccessible.

The first unsaturated silicon compounds, disilenes (1]
and silaethenes [2), were prepared in 1981. In the
mid-1980s the first iminosilanes were synthesized inde-
pendently in Wiberg et al.’s [3] and our laboratory [4,5).

The synthesis we developed is based on an inter-
molecular fluorine-chlorine exchange in lithiated
aminofluorosilanes [4-7]. The investigations have shown
that the high strength of the Si-F bond is responsible
for the fact that many of those lithium derivatives of
aminofluorosilanes with bulky substituents can be dis-
tilled or sublimed in vacuo without decomposition [5,7],
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thermally enforced LiF elimination leads to dimeriza-
tion or rearrangement of the free iminosilanes [5]. Thus
a better leaving group than fluorine had to be used. One
of the remarkable features of lithiated aminofluorosi-
lanes with bulky substituents is that they do not undergo
substitution on treatment with Me,SiCl at the nitrogen
atom but instead at the silicon atom, to give Me,SiF
[4-7], that is, intermolecular fluorine-chlorine ex-
change takes place. A necessary condition for this is
that a Lewis base, e.g. THF, must be present. The
lithium-aminochlorosilanes are far less thermally stable
than the analogous fluorine compounds, and LiCl-
elimination give iminosilanes, which can be distilled in
vacuo without decomposition:

-—Sl‘,"'-N— THE ——-é‘-—N—-
""" + Me ,$iCl : |
r|~* “MeSE ol Li(TH),
Li(THF),
A N
"LHCF, /Sl-—N (n
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Although the Si=N double bond is sterically shiclded,
the high reactivity of iminosilanes allowed synthesis of
a number of interesting compounds [8-10). In this paper
some characteristic insertion and cycloaddition reactions
of di-tert-butyl(di-ers-butylphenylsilyDiminosilane [7,
10] (1) are described.

2. Result. and discussion

The iminosilane (1) [7] has been shown to react with
protic compounds by insertion into the R'—H bond [9].
Thus, treatment of 1 with ethanol or HCI gives the silyl
ether 2 and the aminochlorosilane 3 respectively:

. +
§Si=N—R AN -E-?i—l?l—R 2)
1 R H
2,3
RI
2 | OEt
3|
R = Si(CMe, ),C¢H

Compound 3 is also formed in the reaction of the
lithiated aminochlorosilane with traces of water:

‘ + +
(THF), LiF = §i == N =§j = Ph
+ 0+

8¥8i = =17.60 SiPh

= =§,05SiF
+Me,SiCl + "" H,0
o PPN T O
Cl L "
(THP),

8°Si = - 23.52 SiPh
= -13.23 SiCl

The lithiated aminochlorosilane was characterized in
solution. In the ’Si NMR spectrum there is an upfield
shift of the signals with respect to those from the
LiF-adduct [7]. Compound 3 is remarkably stable, and it
could be separated from LiOH by distillation in vacuo.
Comparison with the lithiated derivative shows a strong
and significant downfigld shift of the signals in the *Si
NMR spectrum. Reaction of 1 with acetone gives the
isopropenyloxysilylamine 4 (Eq. (4)). Even 2.3-di-

methyl-1,3-butadiene reacts like an enophile and not
like a diene, giving §:

+
—— +Si—N—R
|

+ 1L o H
X Si=N—R — A 4 (4)
X

1
S +
2, +Si—1‘|~1-—R
H
/ 5

R = Si(CMe,),C H;

Compound § was characterized by a crystal structure
determination.

3. Crystal structure of 5

The crystal structure study of § confirms the struc-
ture suggested on the basis of the NMR data. Crystals
of § were obtained from n-hexane. The bulky silyl
groups give ris¢ to an enlarged angle at the nitrogen
atom.

Reactions of iminosilancs with silylazides have al-
ready been described (8,9]. Becuuse of the polarity of
the azide

R—Ne=N=N® s R— N N==R|

PO Rm&mNﬁE“
the regioselectivity of the reaction cannot be casily
predicted. On treating the iminosilane 1 with 2,6-dieth-

k)
Q

Fig. 1. Crystal structure of §, selected bond lengths (pm) and angles
) Si(1)-N(1) 174.9(2), N(1)-Si(2) 174.7(2), Si(1)-C(1) 192.7(3),
Si(1)-C(6) 190.8(3), Si(2)-C(5) 189.6(3), Si(2)-C(3) 192.2(3),
Si(2)-N(1)-Si(1) 147.15(13).
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ylphenylazide, the tetraazasilacyclopentene § was
formed by a [2 + 3}-cycloaddition:

Et
1+ N,
Et
Me,C (|3Me3
e O o
\ N CMe,
Et
6

The tetraazasilacyclopentene 6 decomposes at elevated
temperatures by [2 + 3]-cycloreversion into both possi-
ble azides and iminosilanes.

Table 1
Atomic coordinates (X 10*) and equivalent isotropic displacement
parameters (A2 x 10%) for 5

Atom Y y < U,

cq
Si(1) 600(1) =35(1) - 1278(1) 49(1)

NI =91%2) = 389(1) ~ 1483(1) 48(1)
Si() = 2182 1) =S51K1) = 104%1) 46(1)
c) 1160(3) = 1173(2) - 1761(2) 60(1)
can 602(3) = 1972) = 18ON2) 711
) 248U3) = 1287(3) =172%2) 85(1)
cal) 823(3) = 1003(3) = 2951(2) 82(1)
Q) 1053(3) 098(2) = 1615(3) 71
21 B&((4) 1311(2) =907(3) 95(1)
€(22) 23289 742(3) = 1744(4) 107(2)
€23 274(4) 966(3) =2491(3) 99%(1)
(3 - 33522) = 90%2) =1991(2) 63(1)
ai31) - 2886(3) =1617(2) - 2435(2) 83(1)
«(32) - 31544 - 288(3) - 2700(3) 99%(1)
C(33) =4413(3) -1222(3) - 1631(3) 102(1)
C(4) -2593(3) 486(2) - 576(2) 64(1)
«41) = 2494 1172(2) - 1221(3) 87(1)
C(42) - 3845(3) 519%(3) - 366(3) 90(1)
Cc(43) - 1723(3) 654(2) 284(2) 75(1)
C(5) = 197%2) - 1310(2) = 166(2) sAD
C(s1) =1333(3) =1991(2) - 250(2) 67(1)
C(52) - 1237%(3) -2621(2) 33(3) g2(1)
C(53) =1791(3) - 2584(2) 1045(2) 83(1)
c(s4) —2444(4) ~ 1938(3) 1150(2) 88(1)
C(55) ~2534(3) - 1305(2) 563(2) 73(1)
C(6) 1057(2) - 506(2) - 38(2) 55(1)
c(n 2338(4) -633(3) 393(3) 91(1)
c 3105(4) 15(3) 583(3) 110(2)
(8 2767(4) - 1392(3) 632(3) 103(1)
8D 1990(4) -2006(2) 658(3) 922(1)
c(9) 4061(4) -1512(4) 864(5) 145(2)
U,q is defined as one third of the trace of the orthogonalized Uj;

tensor.

Ci22

Nig)  CiBl

N2 N3

Fig. 2. Crystal structure of 6, selected bond lengths (pm) and angles
(°): N(1)-Si(1) 178.9(7), N(1)-Si(2) 179.8(6), N(2)-N(3) 124.8(8),
N(1)-N(2) 145.2 (8), Si(1)-N(4) 177.(7), N(3)-N(4) 139.0(8),
Si(1)-N{1)-Si(2) 149.3(4), N(1)-8i(1)-N(4) 87.7(3).

Me_,(lz (|3Me3
Me,C—Si—~N—S§i
; ~$mmcfenats |
NS _N

R == 2,6'Et2C6H3

Because of this complication, azides do not serve in
every case as precursors for iminosilanes [11}. The
structure of 6 was established by an X-ray determina-
tion study.

4. Crystal structure of 6

Crystals of 6 were obtained by crystallization from
n-hexane. The structure determination of 6 reveals a
nearly planar five-membered ring system. Only the
Si(1) atom is located below the plane. Because of the
bulk of the sily! groups the Si-N distances are increased
and the Si(1)-N(1)-Si(2) angle is enlarged. The sum of
the bond angles at the nitrogen atoms N(1) and N(4) is
360°.

Upon addition of THF, the iminosilane 1 forms the
THF adduct 7:

+
iSi=N—-R + THF —— +?i=N—R (6)
1 THF
7

Compound 7 was characterized in solution. Characteris-
tic of the adduct formation by complexation at the
unsaturated Si atom is a remarkable *Si NMR upfield
shift of the signal from the complexed Si atom in 7



194 J. Niesmann ¢t al. / Journal of Organometallic Chemistry 521 (1996) 191-197

(8%Si THF = 0.97) relative to that from the free imi-
nosilane 1 (8%Si=N = 80.43) [6].

Nevertheless, the THF-adduct 7 is extremely reac-
tive; it combines with 1,4-dihydroxybenzene by inser-

Table 2 _ o
Atomic coordinates (X 10*) and equivalent isotropic displacement

parameters (A? X 10) for 6

Atom x y z Uy

Si(D 2143(1) 232%(1) 2783(1) 57(1)
N(D 2931(3) 2853(4) 2897(3) 52(2)
N(2) 2735(9) 36294 2785(3) 56(2)
N(3) 2074(4) 3759%(4) 2564(4) 57Q2)
N(4) 1630(4) 31454) 2463(3) 54(2)
Si(2) 3883(1 2882(1) 3107(1) S6(1)
c) 2285(5) 1988(5) 3726(5) 67(3)
can 3004(s) 1554(6) 4038(5) 92(3)
c12) 1696(6} 1510(6) 3806(6) 104(4)

Cc(13) 2392(5) 2685(5) 421(5) 84(3)
C(2) 1753(5) 1554(5) 2081(5) 66(3)
c@n 1812(5) 1750(5) 1365(5) 81(3)
Cc(22) 2113(5) 801(5) 2346(5) 86(3)
C(23) 942(5) 1480(5) 1904(5) 94(3)
C(3) 4412(5) 3407(5) 4001(4) 60(2)
c@an 5217(4) 3503(6) 4113($) 86(3)
C€(32) 4397(5) 3007%(S) 4661(4) 80(3)
C(33) 411(5) 4187(5) 400%5) 88(3)
C(4) 4013(4) 3305(5) 2306(5) 572)
C(41) 4754(5) 3075(6) 2317(6) 102(4)
C(42) 3425(5) 3028(8) 1556(5) 87(3)
C(43) 3977(5) 4157%(3) 2265(5) 87(3)
€(35) 4196(3) 1895(5) HTR(S) 60(2)
(s IB3INS) 1415(6) 2626(6) 7H3)
€(82) 4027(6) 685(6) 2610(6) 806(3)
€(53) 4622(7 414(6) H75(R) 83
C(34) 5606(0) 855(7) 37357 87(3)
€i33) 4802(8) 1597(6) 3739%(3) 7R
C(o) 8R3(5) 3306(3) 1982(5) %2)
c61) 724(3) 3540(5) 1374(5) 6}3)
Clo2) 1207 JORK(S) 832(5) 823)
€(63) = 336(6) 3otHM 106(8) 101(4)
Cl64) = 362(6) 3402(6) 1753(8) 91(3)
C(63) 338(6) 325U 2224(6) 7103)
«©7) 1297(5) 365%(5) 9IAS) 77(3)
a®) 1456(6) 4484(6) 92%5) 1044)
a)) 493(6) J068(7) 299K 1A
e g1} 529%(9) INUY) 34340 1918)
Si(1") 6926(1) 1241(1) 1941(1) §5D
NI 7624(3) 1028(4) 2812(3) SA
N(2') BOLO#) 403(4) 2765(4) 61
N(3) 7851(4) 153() 2133(5) 67(2)
N(4') 7310(4) 569(4) 1582(4) $8(2)
Si(2") 803%1) 1791 376%1) 621
) 6030(4) 1004(S) 198((5) 66( )
can 60S(S) 177(6) 21715 95(4)
) S32008) 4N 1323(5) 101(4)
aux) S9BHH) 1430(5) 2607(5) 13
) 6RS7(5) 2153(5) 1445(5) 733)
Q) T614(5) 247143 1596(6) 95(3)
a2) 6416(5) 2768(5) 1600(5) R6(3)

€Q3) 6470(6) 1985(6) 618(5) 9AD
) 9050(S) 1379%(6) 405(5) 7%3)

ci3r) 9370(6) 1820(7) 47746) 123(4)

U is defined as one third of the trace of the orthogonalized U,
tensor,

tion into the O-H bonds to give 8, and forms the
[2 + 2]-cycloadduct 9 with divinyloxyethane:

+Jsﬁ—o-<(:)>~o—§+
+Ho—@—ou ] |

NH HN
| 8 |
R R
27—
+
on A T
VIV A N:L 4)
I —— 0"“““’ / O/\\/
R
N-Si+
. 7+
R = Si(CMe,),CH; 9 R
(7

5. Experimental section

All experiments were performed in oven-dried glass-
ware under purified nitrogen or argon using standard
inert atmosphere and vacuum line techniques. The n-
hexane and THF solvents were dried over Na and
distilled under nitrogen prior to use. All NMR spectra
were obtained on either a Bruker AM-250 or MSL.-400
spectrometer and were recorded in C,D, /THF (7) and
CDCL, with SiMe, as internal reference. The data are
reported in mass to charge units (m/z) with their
relative intensities in parentheses. The NMR spectra and
CH analyses confirmed the purities of the isolated com-
pounds.

5.1. Compounds 2 and 4

To a solution of 4.01 g 1 [6](10.7 mmol) in 10 ml of
n-hexane was slowly added at 0°C 5§ ml of ethanol (2)
or 5 ml of acetone (4). The mixture was stirred at room
temperature for | h and the solvent then evaporated in
vicuo to leave 2 and 4 respectively, which were puri-
fied by recrystallization from n-hexane /THF.

5.2. Di-tere-butyl-ethoxysilyl(di-tert-butylphenylsilyl)-
amine (2)

C,H ;;NOSi, (421.82), yirld 92%; m.p. 95°C. MS
(ED: m/z (%) 364(100) [M~CH,)*. 'H NMR: & 0.22
NH, 1H, 1.04/1.08 C(CMe,),. 36H. 1.29 OCH,CH,,
3H (1, Vg = 6.9 Ha), 405, OCH,CH ,, 2H (q, *J,, =
6.9 Hz), 7.28-7.93 (m, Ph, 5H). “C NMR: & 18.41
OCH,CH,. 21.25/22.39 SiCC,, 29.08/29.11 SiCC,.
60.09 OCH,CH,, 126.42 Ph (C-2, C-6/C-3, C-5),
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128.30 Ph (C-4), 136.18 Ph (C-2, C-6/C-3, C-5), 136.26
Ph (C-1). 2°Si NMR: & —7.99 SiO, 0.60 SiPh.

5.3. Di-tert-butvl(isopropenyloxy)siiyl(di-tert-butyviphen-
yisilyllamine (4)

C,;H ;NOSi, (433.83), yield 73%; m.p. 124°C. MS
(ED: m/z (%) 376(100) [M~C ,H,1*. "H NMR: & 0.39
NH, 1H, 1.08/1.10 C(CH,),, 36H, 1.90 CH,, 3H (d,
3 = 0.4 Hz), 4.15/4.31 =CH,, 2H (m), 7.28-7.92
Ph, 5H (m). "C NMR: 8 21.31/22.62 SiCC,, 23.20
OCCH,, 28.91/29.11 SiCC,, 92.50 CH,, 126.59 Ph
(C-2,C-6/C-3, C-5), 128.54 Ph (C-4), 135.18 Ph (C-1),
136.16 (C-2, C-6/C-3, C-5), 155.44 C=CH,. ”Si
NMR: & —8.39 SiO, 0.86 SiPh.

5.4. Di-tert-butylchlorosilyl(di-tert-butylphenylsilyl)-
amine (3)

(A) A solution of 4.35 g 1 [6] (11.6 mmol) in 15 ml
of n-hexane was treated with 1.24 g of Me,NHCI (13.0
mmol) and the mixture was stirred at room temperature
for 1 h then filtered. The solvent was evaporated from
the filtrate in vacuo, to leave 3 which was purified by
distillation in vacuo.

(B) To a solution of 6.80 g of di-rert-butyl(di-rert-
butylphenylsilyl)iminosilane-LiF-adduct (11.0 mmol) in
30 ml of n-hexane/THF was slowly added at room
temperature 1.42 g of Me,SiCl (13.0 mmol). The mix-
ture was stirred for 3 days, during which the presence of
traces of moisture led to the formation of 3, which was
separated from LiOH by distillation in vacuo.

C,, H,,CINSi, (412.21), yicld 85%: b.p. 158°C (0.01
Torr), MS (ED: m/z (%) 354(100) [M-C,H,]*. 'H
NMR: 8 1.06/1.10 C(CH,),, 36H, 7.26--7.92 Ph (m).
“C NMR: 8 21.26/23.50 SiCC,, 28.36/29.08 SiCC,,
126.80 Ph (C-2, C-6/C-3, C-5), 128.93 Ph (C-4), 135.86
Ph (C-1), 136.29 Ph (C-2, C-6/C-3, C-5). *’Si NMR: &
1.54 SiPh, 16.43 SiClL.

5.5. 2.,2-Di-tert-butyl-4.5-dimethylene-1-(di-tert-butyl-
phenylsilyl)-1-aza-2-silahexane (5)

A solution of 2.66 g of 1[6] (7.10 mmol) in 10 ml of
n-hexane was treated at room temperature with 0.66 g
2,3-dimethyl-2,3-butadiene (8.00 mmol). The mixture
was stirred for 3 h and the solvent then evaporated in
vacuo to leave 5, which was purified by crystallization
from n-hexane /THF.

C,H, NSi, (457.88), yield 79%; m.p. 126°C. MS
(ED: m/z (%) 400(100) [M=C ,H,]*. "H NMR: 6 0.05
NH, IH, 1.21/1.24 C(CH ,),, 36, 1.81 CCH,, 3H (d,
*J o = 0.86 Hz), 2.19 SiCH,, 2H (d, *J,,,, = 0.74 Ha),
4.94-5.11 CH,, 4H (m), 7.28-7.93 Ph, 5H (m). "'C

NMR: & 18.79 SiCH,, 21.58/22.93 SiCC,. 21.69
CCHj;, 29.60/29.75 SiCC,, 112.29/113.79 C=CH,.
126.85 Ph (C-2, C-6/C-3. C-5), 128.78 Ph (C-4), 136.15
Ph (C-2, C-6/C-3, C-5), 136.21 Ph (C-1),
144.50/146.49 CC,. ’Si NMR: 8 —0.78 SiPh, 5.47
SiCH,.

5.6.  5.5-Di-tert-butyl-1-(2' ,6'-diethylphenyl)-4-di-tert-
butylphenylsilyl-1,2,3 4-tetraaza-5-sila-2-cyclopentene
(6)

To a solution of 5.00 g 1 [6] (13.3 mmel) in 15 ml of
n-hexane was added 2.63 g of 2,6-diethylphenylazide
(15.0 mmob). The mixture was stirred at room tempera-
ture for 1 h, and then cooled to 0°C to give crystals of 6.

C, HgyN,Si, (550.97), yield 67%; m.p. 138°C. MS
(ED: m/z (%) 550(8) [M]*, 493(18) [M-C,H,]*. 'H
NMR: 6 0.95/1.26 C(CH;);, 36H, 1.20 CH,CH,, 6H
(t, Y, = 7.4 Hz), 2.46/2.77 CH,CH,, 4H (dq/dq,
*Jan = 14.0 Hz, *J,,,, = 7.4 Hz), 7.05-7.96 Ar-H, 8H
(m). C NMR: & 15.88 CH,CH,, 23.43 CH,CH,,
23.54/26.29 SiCC,, 28.83/30.82 SiCC,, 127.05 Ph
(C-4), 127.12 Ph (C-2, C-6'/C-3, C-5'), 127.47 Ph
(C-2, C-6/C-3, C-5), 129.56 Ph (C-4), 134.81 Ph (C-1),
13592 Ph (C-2, C-6/C-3, C-5), 140.40 Ph (C-1'),
142.72 Ph(C-2', C-6'/C-3', C-5'). ’Si NMR: 8 —0.42,
1.80.

5.7. Compounds 7-9

THF (15 ml) was slowly added 10 5.7 g of 1[6] (15.2
mmol) at 0°C. The mixwre was then stirred for 1 h and
7 was shown to be present in solution. A solution of
0.84 g of 1,4-diliydroxybenzene (7.60 mmol) in 10 ml
of THF [0.87 g of divinyloxyethane (7.60 mmol) in 15
ml of THF] was slowly added at room temperature and
the mixture stirred for 2 h. The solvent was evaporated
in vacuo to give 8 or 9 respectively. Compound 8 was
recrystallized from n-hexane/THF and compound 9
from CH,Cl,.

5.8.  Di-tert-butyl(di-tert-butylphenylsilyliminosilane~
THF-adduct (7)

8 NMR: 8§ —21.02 SiPh, 0.97 SiO.

5.9. 14-Bis[2,2,4,4-tetra-tert-butyl-4-phenyl-3-aza-1-
oxa-2 4-disilabutyl]benzene (8)

C4oHgyN,0,8i, (861.6), yield 62%: m.p. 159°C. MS
(ED: m/z (%) 803(100) [M~C ,H,]". '"H NMR: & 0.48
NH, 2H, 1.08/1.13 C(CH,),, 72H, 693 Ar-H, 4H.
7.21-7.95 Ph, 10H (m). "C NMR: & 21.35/22.52
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SiCC,. 29.03/29.21 SiCC;, 120.57 SiOCC,, 126.73
Ph (C-2, C-6/C-3, C-5), 128.58 Ph (C-4), 135.57 Ph
(C-1), 136.12 Ph (C-2, C-6/C-3, C-5), 149.57 SiOCC,.
®Si NMR: 8 —8.00 SiO, 0.97 SiPh.

5.10. Bis[2.2-di-tert-butyl-1-di-tert-butylphenylsilyl-1-
aza-2-silacyclobutyloxylethane (9)

CyoHy,N,0,8i, (865.6), yield 64%; m.p. 174°C.
MS (ED: m/z (%) 807(66) [M-C,H,]*. '"H NMR: 8
0.76/1.04/1.18/1.26 C(CH,),, 72H, 1.40-1.59
SiCH,, 4H (m), 3.24-3.63 OCH,, 4H (m), 5.10-5.19
CH. 2H (m), 7.27-7.94 Ph, 10H (m). ’C NMR: &
17.03 SiCH,, 22.12/22.49/22.81/23.38 SiCC,,
29.07/30.09/31.22/31.28 SiCC,, 63.77 OCH,, 88.99
CH, 127.09 Ph (C-2, C-6/C-3, C-5), 128.38 Ph (C-4),
135.46 Ph (C-2, C-6/C-3, C-5). 138.01 Ph (C-1). ¥’Si
NMR: & —3.84 SiPh, 25.04 SiC.

6. X-ray structure determination of 5 and 6

The crystal data and details of the refinement are
summarized in Table 3.
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