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ABSTRACT: Calculations of nitrogen NMR para-
meters [chemical shifts SN and indirect nuclear
spin-spin coupling constants J(N,N), J(N,3C),
J(?Si,N)] of noncyclic azo-compounds R'—N=N—R?
(R, R? = H, Me, Ph, SiH;, SiMe;) and cyclic azo-
compounds [N=NCH,, N=N(CH,); N=N(CH,),SiH.,,
and N=N(SiH,CH,SiH,)] by density functional
theory (DFT) methods [B3LYP/6-311+G(d,p) level
of theory] provide data in reasonable agreement
with experimental values. The influence of cis- and
trans-geometry is reflected by the calculations, and
amino-nitrenes are also included for comparison.
The spin-spin coupling constants are analyzed with
respect to contact (Fermi contact term, FC) and non-
contact contributions (paramagnetic and diamag-
netic spin-orbital terms, PSO and DSO, and spin-
dipole term, SD). Bis(trimethylsilyl)diazene 6a can
be generated by an alternative method, using the
reaction of bis(trimethylsilyl)sulfur diimide with bis-
(trimethylsilyl)amino-trimethylsilylimino-phosphane.
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INTRODUCTION

Reactivity, intriguing structural properties, pho-
tochemistry, applications as dyes, and attractive
spectroscopic features of azo-compounds [1-3]
have stimulated intensive research work for many
decades. Our interest has focused on NMR pa-
rameters of azo-compounds [4], since these data
can be related to molecular and electronic struc-
tures. If the n — @* and w — w* electronic transi-
tions are well separated, there is a crudely linear
correlation of the chemical shifts SN with the en-
ergy of the n — #* transition [4,5]. Coupling con-
stants for azo-compounds are less well understood.
Some values 'J(**N,"®N) have been measured for
azobenzene derivatives [6-8], and for one example
with trans-geometry a negative sign of 'J(*°N,N)
has been determined [8]. However, for many azo-
compounds R!'-N=N—R? with R! = R?, the deter-
mination of 'J(N,N) is difficult, even for doubly °N
labeled species. The discussion of these data is lim-
ited, since the sign of !J(N,N) is unknown in most
cases. Moreover, there is no experimental access
to the contact (Fermi contact term, FC) and non-
contact contributions (spin-orbital terms, SO, and
spin-dipole term, SD) [9,10]. The latter may play
an important role for 'J(N,N) because of the N=N
bond and the mutual influence of the lone pair of
electrons at both nitrogen atoms. Similar questions
arise with respect to 'J(N,'*C) or 'J(¥*Si,N) in alkyl-,
aryl-, or silyl-substituted azo-compounds. Further-
more, there are no experimental data available for
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3T(1BC,BC), 3J(*°S4,13C), or 3J(*°Si,*°Si) across the
N=N bond. All this indicates that azo-compounds are
an attractive challenge for theoretical calculations
of NMR parameters. If reliable experimental values
can be reproduced, these calculations may be used
to predict data that are difficult to obtain otherwise.
It has been shown that the calculation of nuclear
magnetic shielding provides fairly accurate data or at
least predicts most trends correctly [11-13]. In this
context, the extreme nuclear magnetic deshielding
of nitrogen in Me;Si—N=N—SiMe; 6a (0N = +615)
[4] or in N-(2,2,6,6-tetramethylpiperidyl)nitrene 15
(6N —58.8 and +536.8) [14] are of interest, since they
may serve as a test for the performance of theoreti-
cal models. More recently, progress has been made
in the calculations of indirect nuclear spin-spin cou-
pling constants by coupled perturbed DFT methods
[12,15-17], and these have been already applied suc-
cessfully to numerous classes of compounds [18-22].
The compounds considered in this work are shown
in Scheme 1. We also report on a new access to
bis(trimethylsilyl)diazene 6a and on the determina-
tion of 'J(*°Si,'*N) in 6a.

RESULTS AND DISCUSSION

Alternative Synthesis of
Bis(trimethylsilyl)diazene 6a

Bis(trimethylsilyl)sulfur diimide is known to react
with various unsaturated substrates [23]. The reac-
tion of the sulfur diimide in pentane at —78°C with
an excess of bis(trimethylsilyl)amino(trimethylsilyl)-
iminophosphane led to abstraction of sulfur and
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generated bis(trimethylsilyl)diazene 6a (Scheme 2).
Condensation of all readily volatile materials at
—30°C afforded a blue solution of 6a in pentane
[24], which was studied by "N and ?°Si NMR at
—10°C. The thiophosphorane could not be isolated
since it reacts readily with the starting phosphane
in a [2+2]cycloaddition as reported by Niecke and
Flick [25]. We are currently exploring this route for
the synthesis of other less stable diazenes when the
corresponding sulfur diimides are readily accessible.

NMR Studies and Calculations

Calculated and experimental NMR parameters of the
azo-compounds and nitrenes shown in Scheme 1 are
given in Tables 1 and 2, respectively. All geometries
were optimized for the gas phase at the B3LYP/6-
3114+G(d,p) level of theory, and the NMR parameters
were calculated at the same level.

The ?*Si NMR spectrum of 6a, recorded by using
the HEED (Hahn-echo extended) INEPT pulse se-
quence [26,27], enabled to detect the 1’ N satellites ac-
cording to ! J(¥Si,'°N) = 13.7 Hz. The tilt of the cross
peaks [28]in the corresponding 2D HEED *Si/'H ex-
periment [26,27,29] (Fig. 1) indicated opposite signs
of the reduced coupling constants 3K(**N,Si,C,'H)
and 'K(*Si,'®N). Since the former usually possesses
a positive sign, it is likely that 'K(*Si,'’N) is nega-
tive [also 'J(¥Si,'°N)], in agreement with the calcu-
lations (vide infra). This negative sign of 'J(**Si,'’N)
in 6a is remarkable, since for the majority of other
Si—N compounds the sign of 'J(¥*Si,'*N) is positive.
Qualitatively, this change in sign can be attributed
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Azo-compounds and amino-nitrenes considered in this work.
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SCHEME 2 Reaction of bis(trimethylsilyl)sulfur diimide with
bis(trimethylsilyl)amino-trimethylsilylimino-phosphane.

to the influence of the lone pair of electrons [30] at
the azo-nitrogen atom. The nature of this lone pair
is completely different from that in aminosilanes for
which most of the data 'J(*°Si,'>N) have been deter-
mined [31].

Structures

The bond lengths dy of the optimized structures of
the azo-compounds are calculated to cover a small
range between ~121.5 and 125.5 pm with dyx =
121.9 pm in diazirine 10 at the short and 125.2 pm
for azobenzene at the long end. There is no sys-

14%si,"®N) = 13.7 Hz

e N

il

|
|
@—T 05

3 415 . 1 3
J(VN,Si,C, H) Lo V1H
1.2Hz 1 1 [HZ]
4& '05
1
5 0 -5 -10
vsi Hz

FIGURE 1 Contour plot of the 59.6 MHz 2D 29Si/'H
HETCOR spectrum of Me3Si—N=N—SiMe3 6a (§2°Si —8.0;
10 mm o.d. tube, ca. 5% in pentane with a small amount of
C7Dg at —10°C), recorded by the HEED method [26] (Hahn-
echo delay 0.4 s; acquisition time 1.8 s, repetitiondelay 2 s; 16
experiments in Fo ("H) with 640 transients each; zero filling in
both dimensions before Fourier transformation; spectrometer
time 12 h). As can be seen, the unwanted magnetization of
the 2°Si-1#N isotopomer is suppressed and the '°N satellites
can be observed. The negative tilt of the cross peaks indi-
cates that the signs of ' K(2°Si,’®N) and 3 K('°N,Si,C,'H) are
opposite.

tematic variation of dyy with H, Me, or silyl sub-
stituents, and there is hardly any change in dy for
cis- and trans-geometries. The structural parameters
are in good agreement with those from structural
analyses [32-34], although the calcd. distances dyx
are slightly shorter when compared with experimen-
tal data. The exception is Me;Si—N=N—SiMe; 6a,
for which a rather short bond length dyx = 117 pm
(caled. 124.7 pm) has been reported [35]. In contrast
with dyy, the bond angles at the nitrogen atoms de-
pend significantly on the nature of the substituents
as well as on cis- or trans-geometry (see Table 3 for
some examples). The angles R'—=N—N and R>—N—N
are wider in the noncyclic cis-isomers, even for R! =
R? = H. Furthermore, in the noncyclic cis-isomers,
the silyl group causes a wider bond angle Si—N—N
than the methyl group. This effect is less pronounced
for the trans-isomers. Expectedly [1-3,24,36], the
lowest energy is always found for the respective
trans-isomer, followed by the cis-isomer and the
amino-nitrene. The structure of the isomer 4b with
silyl groups in cis-positions does not present a mini-
mum on the energy potential surface.

In the case of nitrene derivatives, the bond
lengths dy range from 122.3 pm in Me(SiH;)NN 5¢
to 119.9 pm in 15 (see Table 4). The structure of the
bis(silyl)amino-nitrene (H;Si),NN 5c¢ is not a mini-
mum at the B3LYP/6-311+G(d,p) level of theory.

Chemical Shifts 6N

The correlation between calcd. and experimental
chemical shifts 6N of the azo-compounds is linear,
including the extreme values for Me; Si—N=N—SiMe;
6a and N-(2,2,6,6-tetramethylpiperidyl)nitrene 15
[0Neyp. = 0.91 0Neaea. —42; R = 0.99 (12)]. There-
fore, the theoretical model appears to be adequate
with respect to the molecular and electronic struc-
tures. Except of the diimines 1a and 1b, the mag-
netic shielding of the nitrogen nuclei is lower for
the cis-geometry, in agreement with the experimen-
tal data available for some pairs of isomers [5-7].
Similar to the nitrogen shielding in disilyldiazenes
4a, 5a,b, 6a, and 13 (Table 1), the calcd. chemical
shift {N(nitrene) = +1073.6 for 5¢ (Table 2) is ex-
treme and reflects the unique influence of silyl sub-
stituents on the electronic structures. Apparently, the
silyl substituents in the azo-compounds as well as in
the amino-nitrenes lower the energy gap for mag-
netic dipole allowed electronic transitions, in partic-
ular of the n — w* type.

Coupling Constants

All caled. coupling constants 'J(N,N) in the azo-
compounds and in nitrenes possess a negative sign,
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SN TJ(UN,T4N) FC TJ(*N,X) FC FC FC
caled. caled. SD caled.® SD 2J("*N,N,X)  SD SJ(X,NN,X) SD
[found] [found] PSO [found] PSO calcd.c PSO calcd.c PSO
1a 273.4 —10.1 -15 +236 ('H) 4247 +22('"H)  +57  +40.8 ("H,'H)  +429
—1.1 -0.2 -0.2 +0.6
-7.5 -1.0 -3.2 +2.99
1b 227.3 -9.3 -3.3 +16.3 ('H)  +16.9 +03('"H) 422  +41.0("H,'H)  +416
—1.4 0.0 0.0 0.0
-5.8 -0.7 -1.9 —-0.79
2a 190.5 -8.6 —2.4 —5.3 (3C) -4.8 +6.4('%C) +6.9 +18.2('3C,'3c) +183
[145.0]¢ -0.3 +0.4 0.0 +0.1
-5.9 -1.0 -0.5 0.0
2b 201.2 -10.5 -54  —124('8c) -123 -23(18C) 1.2 424.3('8C,'3C) +245
-0.0 +0.5 -0.1 0.0
5.1 -0.7 -1.0 -0.2
3a 160.1 -86 —22 —2.3('30) -1,2 +4.4(18C)  +49 +153(18C,18C)  +147
[129.0]) [-7.9]9 —0.4 [-1.1]9 +0.4 [+3.6]9 -0.3 +0.3
-6.0 -1.8 -0.3 4+0.3
3b 214.0 -13.7 -80 —10.1('8c) -89 +29("c) -25 +11.9('3C,'3C) +12.0
[146.5] -0.3 [—6.6]" +0.3 +0.1 —-0.1
—5.4 -1.6 -0.6 —0.1
4a 785.0 -30.5 -3.0 +13.8(®°Si) +16.7 -9.8(®°Si) -9.3 +44.3(%°Si2°Si) 4441
—14.7 -3.0 —-0.6 +0.1
-12.8 +0.1 -0.0 -0.2
5a 358.3 (Me) -11.8 —2.7 -7.5(3C) —-6.5 +5.2(18C) +6.2 -—28.3(¥si,'8Cc) -27.9
339.1 (Si) -1.6 +0.3 —-0.1 -0.2
-7.6 -1.3 -0.9 -0.2
+11.6 (®®Si)  +10.9 —9.1 (®%si)) -9.2
-0.7 -0.1
+1.4 +0.1
5b  380.0 (Me) -13.6 -55 —-11.8(13Cc) -106 —29(8Cc) -1.3 -35.0(°Ssi,'3C) -—34.9
354.3 (Si) -1.3 +0.2 -0.2 +0.1
-6.8 —1.4 -1.3 4+0.2
+24.9 (3°Si)) +25.2 +0.3(3°Si)  +1.9
-0.9 -0.9
+0.7 -0.8
6a 729.7 —29.7 -32  +12.0(®°Si) +11.9 -5.6(%°Si) 5.1 +26.5(%°Si,'3C) +26.1
[630.0]' -10.4 [9.8] -1.0 -0.5 +0.4
—12.2 +1.0 —0.1 +0.1
7a  328.9 (Me) -11.8 -2.8 —7.4 (3C) -6.6 +4.8(13C) +5.8 —21.8(¥si,8C) -21.4
[275.0)/ 4+0.3 4+0.3 —-0.1 -0.3
358.7 (Si) -1.2 -1.2 -0.9 -0.2
[206.0] +9.3 (?°Si) +8.7 —6.2(®%Si)) -6.2
-0.6 —-0.1
+1.2 +0.1
8a 323.6 (Ph) -12.8 -2.8 —-6.5 (13C) -57 +3.1(8C)  +3.3 -19.4(¥si,'8C) -19.0
378.9 (Si) -2.0 +0.6 —0.1 -0.2
-8.0 -15 +0.2 -0.2
+7.9 (3°Si) +7.2 —7.0(3%si)) 741
-0.6 —0.1
+1.3 40.1
9 74.7 -13.2 -10.1 -7.5('3C) -3.0 -3.8(18c) -32 +420.8('8c,’3C) +17.9
[20.2] [—-11.2] —0.1 [+4.5] +0.4 [-3.4] -0.4 +1.8
-3.0 -5.0 —-0.1 +1.0
10 75.8 -83 -35 —7.1(130C) —7.1 - - - -
[—46.5]" +0.3 -0.3
—5.1 4+0.2

Continued
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TABLE 1 Continued

SN TJUNUN)  FC TJ(T*N,X) FC FC FC
calcd. calcd. SD calcd.° SD 2J("¥N,N,X)  SD SJ(X,NN,X) SD
[found] [found] PSO [found] PSO calcd.© PSO calcd.© PSO
11 248.0 -8.2 —42 95 ('3C) -89 -3.0("8C) -—2.0 +49.9('3c,'3¢C) +10.3
+0.4 +0.5 —0.1 0.0
—4.4 —1.1 -0.9 —0.4
12 308.1 (CHy) -11.2 -09 —11.7(3c) -10.7 -35('8C) -2.0 —18.5(%%Si,'3C) -18.3
267.7 (Si) —-48 +0.3 -0.2 -0.2
-5.7 -1.3 -1.3 +0.4

+20.4 (3°Si)  +19.9 +3.9(°Si) +4.2

—1.1 0.1

+1.5 -0.3
13 637.0 —20.2 —55 +22.6 (3°Si) +22.9 +2.9 (®°Si) 442 430.3 (*°Si,2°Si) +30.3
-5.2 -15 —1.1 —0.4
-9.4 +1.2 -0.3 +0.4

2Calculated o(N) data are converted to dN by 6N = o(N)[NHz] — o(N) —399.3, with o(N) [NH;] = 259.4, N [NH3;] = —399.3 and /N [neat
MeNO,] = 0 [44]; coupling constants and contributions FC, SD, and PSO are given in Hz.
5The calculations yield coupling constants for the N isotopomers; data J('*N,*N) can be converted to J('°N,"®N) by multiplication with the

factor 1.968, and J('*N,X) can be converted to J('°N,X) by multiplication with the factor 1.403.

°Nucleus X is given in parentheses.

9The diamagnetic spin-orbital term (DSO) contributes —5.5 Hz for 1a and —0.4 Hz for 1b.
®Wrackmeyer, B.. Unpublished '*N NMR measurements; at 23°C in hexane.

"Ref. [3a].
9Ref. [8]; data determined for 4-acetylamino-azobenzene.
hRef. [38]; the same sign has been assumed.

"Reported in [4] +618 (measured in hexane at 25°C relative to an external sample of NaNO;, saturated aqueous solution, with 6N = 0; repeated

here in pentane at —10°C with modern instrumentation.
/Ref. [4].

kRef. [45].

'Ref. [37]; determined for 3-methyl-pyridazine.

"Ref. [5].

in agreement with the experimental finding for 3a
[8]. The calcd. value 'J(N,N) for 15 is very close to
the experimental one [14], and this suggests that the
calcd. negative sign is correct. The dominating term
for 'J(N,N) arises from the negative contribution by
the paramagnetic spin-orbital term (PSO) for all azo-
compounds. The contact term FC is also negative in
all cases but remains fairly small. The spin-dipole
term (SD) becomes significant, in particular in the
case of 6a, for which the extreme magnetic deshield-
ing of the nitrogen atoms and the low-energy UV
transition (12,750 cm™!) indicate an unusual elec-
tronic structure. Although the pyridazine 9 is not an
azo-compound, the caled. value 'J(N,N) is notewor-
thy, since it agrees both in magnitude and sign with
the experimental value determined for 3-methyl pyri-
dazine [37]. In contrast with the azo-compounds, the
negative contribution from the contact term FC dom-
inates for 9. For ' J(N,N) of the amino-nitrenes, both
the FC and the PSO terms are negative and of similar
magnitude.

The one-bond coupling constants !'J(N,X)
(X ="H, 13C) for the diazenes are remarkably small
and positive (X = 'H) or negative (X = 3C). In the
latter case, there is agreement with experimental

data [8,37]. Except of 9, this coupling is transmit-
ted through single bonds and therefore, the noncon-
tact contributions are small when compared with
FC. The negative sign of 'J(**N,!3C) is then mainly
the result of the influence of the lone pair of elec-
trons at the azo-nitrogen atom [30]. The effect of
the cis- or trans-configuration on the magnitude
of 'J(N,3C) in azo-compounds has been noted
[38], and is correctly reproduced by the calcula-
tions. For X = #Si, the situation is comparable with
that for 3C. The calcd. reduced coupling constants
'K(**Si,'*N) are negative (in the tables: 'J(**Si,'*N)
> 0, since y(¥Si) < 0) owing to the large neg-
ative FC-contribution. The calcd. negative sign of
'K(**Si,'*N) is in agreement with the experimental
evidence obtained here for 6a (vide supra). In the
nitrenes, the lone pair of electrons at the amino-
nitrogen atom is engaged in bonding, and it is there-
fore expected that the contact contribution is less af-
fected than in the azo-compounds. The calculations
show that the coupling constants 'J (**N,X) are large
and positive (X = 'H) and small and of either sign
(X=13C). The calcd. sign of the reduced coupling
constant ! K(**Si,'>N) is positive, following the trend
for X =13C.
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TABLE 2 Calculated and Experimental "N NMR Parameters % of Amino-nitrenes RoN=N (see Scheme 1)

SN TJ4N4N)  FC FC FC FC
calcd. calcd. SD  TJ(™NX) SD 2J(™NN,X)  SD 3 J(X,NN,X) SD
[found] [found] PSO caled.¢ PSO caled.¢ PSO caled.¢ PSO
1c  —109.7 (NHyp) -8.2 —42 +596('H) +58.6 +04('"H)  +1.0  +47.9('"H,'H) +48.1
983.3 (N) —041 -0.2 +2.5 +0.3
-39 0.7 —2.8 +0.39
2¢c  —113.5 (NMey) —~7.4 —47 +43.0('%C) +34 +0.4 (8C) +1.2 +28.7('8C,'3C) +28.6
738.7 (N) +0.5 +0.5 +0.1 —0.1
-3.2 -0.3 —-0.9 -0.2
14 —87.1 (C») -8.0 —49 428('8C) 424 +0.1(8C)  +1.0 +18.9('3C,'3C) +19.6
724.7 +0.4 +0.5 +0.1 —-0.1
-35 +0.3 -0.9 -0.2
15  —59.7 (NCyp) -7.8 -51 -03('%c) -07 -0.3('8C) +0.4 +16.5('3C,'8C) +16.5
[-58.8]¢ [7.9]¢ +0.6 +0.6 +0.1 0.0
619.3 (N) -33 +0.2 -0.8 —0.1
[536.8]¢

5¢  —20.0 (NC,Si) —11.0 —-45 —0.3('30) —0.6 —0.4(3C) +1.5 —39.1(9Sj,'3C) —39.1
1073.6 (N) -1.3 +0.5 -0.3 0.0
-52 -0.2 -15 0.0

—9.8(29si)  —9.1 -5.8(%si)) -1.2

-0.9 —27

+0.2 -1.9

aCalculated o(N) data are converted to N by 6N = o(N)[NH;] — o(N) —399.3, with o(N) [NH;] = 259.4, éN [NH;3] = —399.3, and 6N [neat
MeNO,] = 0 [44]; coupling constants and contributions FC, SD, and PSO are given in Hz.

5The calculations yield coupling constants for the *N isotopomers; data J('*N,™N) can be converted to J('°N,"®N) by multiplication with the
factor 1.968, and J('*N,X) can be converted to J('°*N,X) by multiplication with the factor 1.403.

°Nucleus X is given in parentheses.

9The diamagnetic spin-orbital term (DSO) contributes —4.8 Hz for 1c.

°Ref. [14].

The geminal coupling constants 2J(N,N,X) in
the azo-compounds and nitrenes are small and may
be of either sign. In the cases, for which compa-
rable experimental data are available [8,37], sign
and magnitude are in agreement with calcd. data.
The vicinal coupling constants 3J(X,NN,X) are all
positive (reduced coupling constants in the case of
X = 2°Si/'3C). However, there is no systematic in-

fluence of cis- and trans-configuration at the N=N
bond on the magnitude of 3J(X,NN,X), in contrast
with the well-known situation for the C=C bond.
In the case of the cyclic azo-compounds 11-13,
the calcd. values for 3J(X,NN,X) represent the ef-
fect of coupling pathways across two and three
bonds, and these contributions may be of opposite
sign.

TABLE 3 Selected Calculated? Structural Parameters of Some Azo-compounds R'-N=N—R?2 with trans- (1a—7a) and cis-

Configuration (1b-3b, 5b)

Angle (°) Angle (°) Angle (°) Angle (°)
R’ R? dn-N (pm) R'—-N-N RP—N-N dn-n (pm) R'—N-N RP—N-N
1a H H 1241 106.5 106.5 1b 123.7 113.0 113.0
2a Me Me 123.5 113.5 113.5 2b 123.5 122.4 122.4
3a Ph Ph 125.2 115.4 115.4 3b 124.3 124.0 124.0
4a SiH3 SiHy 124.8 112.9 112.9 4b® - - -
5a Me SiH3 123.1 113.9 116.5 5b 123.4 120.8 128.9
6a SiMes SiMes 124.7 118.2 118.2 6b° - - -
7a Me SiMe3 123.9 114.2 117.9 7b° - - -

aOptimized by B3LYP/6-311+G(d,p) calculations.
bQptimization of this structure did not give a minimum.
¢Structure was not calculated.
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TABLE 4 Selected Calculated? Structural Parameters of
Some Amino-nitrenes RoN=N (1¢, 2c, 4c, 5¢, 14, 15)

Angle (°) Angle (°)

R dn-n (pm)  R—-N-N  R—-N-R
1c H/H 121.4 123.9 112.25
2c Me/Me 120.8 123.9 112.2
4¢b SiHg/SiHg - - -
5c Me/SiH3 122.3 123.1 (Me) 1215

115.3 (SiH3)

14 (CH3)s 120.9 124.2 111.6
15 MeyC-(CH,)3CMe,  119.9 120.5 118.7

2Geometries were optimised by B3LYP/6-311+G(d,p) calculations.
bOptimization of this structure did not give a minimum.

CONCLUSIONS

Trends in nitrogen nuclear magnetic shielding in
azo-compounds and nitrenes are correctly predicted
by simple DFT hybrid methods. The sign and mag-
nitude of coupling constants involving nitrogen nu-
clei is reproduced by calculations and thus, reason-
able predictions can be made, when it is difficult
to obtain the experimental NMR data. The im-
portance of noncontact contributions to the in-
direct nuclear spin-spin coupling must be em-
phasized, in particular for 'J(N,N) of the N=N
bonds. The exceptional effects of silyl substituents
on the electronic structure of azo-compounds, mir-
rored already by various experimental spectroscopic
data, are also revealed by calculations of the NMR
parameters.

EXPERIMENTAL

Preparative work was carried out using stan-
dard procedures to exclude oxygen and moisture.
Starting materials for the alternative synthesis of
6a, such as bis(trimethylsilyl)sulfur diimide [39]
and  bis(trimethylsilyl)amino-trimethylsilylimino-
phosphane [40] were prepared following the litera-
ture methods.

NMR spectra of 6a (~5% in pentane/C,Ds;
10 mm o.d. tube) were measured at —10°C using a
Bruker AC 300 NMR spectrometer, equipped with
a multinuclear unit. The 1D and 2D *°Si HEED-
INEPT NMR experiments [26] were done by using
2J(¥Si,'Hy.) = 7.2 Hz for polarization transfer and
a Hahn-echo delay of 0.4 s in order to suppress
most of the unwanted magnetization of the #Si-'“N
isotopomer. Chemical shifts are given relative to
neat MeNO, (6N = 0; E("*N) = 7.226324 MHz)
and SiMe, (1% in CDCl;; §*Si = 0; E(¥Si) =
19.867187 MHz).

Synthesis of Bis(trimethylsilyl)diazene 6a

A solution of bis(trimethylsilyl)sulfur diimide (3 g,
14.5 mmol) in pentane (40 mL) was cooled to
—78°C, and a solution of bis(trimethylsilyl)amino-
trimethylsilylimino-phosphane (8.4 g, 30 mmol) in
pentane (20 mL) was added under vigorous stirring
within 10 min. The color of the reaction solution
turned blue. The mixture was warmed to —30°C, kept
stirring for 30 min, and then all volatile materials
were removed in vacuum (1073 Torr) and collected
in a cold trap. The NMR spectra of these materials
showed the presence of pure 6a in pentane (5% w/w;
yield 82%).

All calculations were performed using the Gaus-
sian 03 package [41]. The gas phase geometries were
optimized with DFT methods (B3LYP) [42] and the
6-311+ G(d,p) basis set [43]. The structures of the
molecules shown in Scheme 1, except of 4b and 4c,
were found to be minima on the respective potential
energy surface, based on the criteria of stabilities of
the wave functions and harmonic frequencies. Calcu-
lations of NMR parameters using pure HF-methods
gave poor results for coupling constants. If not noted
otherwise in the Tables 1 and 2, the diamagnetic spin-
orbital (DSO) contribution was much less than 1 Hz.
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