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Sulfur diimides of the type RINSN)R’ (1-19, 2a—9a, 12a—17a, 20a, 3b—16b, 20b) were investigated
by “N, Si and '”Sn NMR at variable temperature in order to determine their preferred configuration
(E/Z, ZJE, E/E or Z/Z) in solution. All sulfur diimides studied are highly fluxional at room temperature.
In some cases with N'Bu groups, the presence of two isomers could be demonstrated. In solution, the E
position is preferred for a silyl group, as shown, e.g., for N-tert-butyl-N’-trimethylsilyl sulfur diimide
(2a). In the case of one germyl group, there is little preference of either E or Z position, whereas stanny]
groups prefer to be in Z position. The situation in solution may differ considerably from the configu-
rations determined in the solid state. Single crystal X-ray analyses were carried out for di-rers-butyl- (1),
bis(triphenylsilyl)- (7) and N-trimethylsilyl-N’-triphenylsilylsulfur diimide (7b). All three molecules
adopt the Z/E configuration in the crystal. Solid-state 2’Si CP/MAS NMR spectra indicate that in the
case of 7 the bulk material consists of two isomers, one with the Z/E configuration, as found from the
X-ray analysis, and a second one, most likely with E/E configuration. Solid-state '*Sn CP/MAS NMR
spectra of bis(trimethylstannyl)sulfur diimide (4) prove that there is only one tin site in the solid state,
most likely the isomer with Z/Z configuration. In contrast, solid-state *Sn NMR spectra of bis(triphenyl-
stannyl)sulfur diimide (6) suggest that it exists solely as isomer with Z/E configuration.

Key words: Sulfur diimides, silyl-, germyl- and stannyl-substituted, *N, *Si, '"*Sn NMR, solid-state Si,
Sn CP/MAS NMR, X-ray analyses.

INTRODUCTION

X-ray structure analyses have shown that all four possible configurations of sulfur
diimides, RINSN)R/, can exist in the solid state,' whereas in solution most sulfur
diimides appear to be fluxional systems and undergo fast E/Z = Z/E isomerization.”

261
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(2/2) {Z/E) (£/2) (E/E)

With respect to the rich chemistry of sulfur diimides,” in particular of organome-
tallic-substituted sulfur diimides,’ it is important to determine their preferred config-
uration in solution and to compare this information, wherever possible, with struc-
tural data for the solid state. Clearly, NMR measurements both in solution and in
the solid state, together with direct structural data from X-ray analyses, will serve
this purpose. It turns out, however, that 'H and *C NMR data of the substituents R
and R’, with the exception of those for R or R’ = ‘Bu,* are not very helpful in this
respect. In previous work,*"® we have already applied "N NMR with considerable
success to the problem of configurational assignment in solution. We have now
studied numerous symmetrically (R = R’) and unsymmetrically substituted (R # R’)
sulfur diimides™ (numbering in Scheme I), focusing on "*N, *Si and '"’Sn NMR in
solution. In some cases, solid-state '*C, *Si and '”Sn CP/MAS NMR spectra were
measured. Furthermore the molecular structures of di-zert-butylsulfur diimide (1),
bis(triphenylsilyl)sulfur diimide (7) and N-trimethylsilyl-N'-triphenylsilylsulfur diim-
ide (7b) were determined by X-ray analysis. The synthesis of most compounds stud-
ied here has been described,” and new compounds (15-19, 15a-17a, 20a, 15b—
16b, 20b) were prepared by following the established methods.

RESULTS AND DISCUSSION

The Tables I, I and III list N, **Si and *Sn NMR data for the compounds
‘Bu(NSN)ER;R?, Me;Si(NSN)ER;R? and R’R;E(NSN)ER}R’, respectively.

The "N NMR spectra were measured by using one of the following methods: (i)
'H inverse-gated decoupling for suppression of the NOE; (ii) 'H coupled “N; (iii)
non-refocused INEPT pulse sequence; (iv) refocused INEPT pulse sequence’ with
'H decoupling (polarization transfer based on *J(*N'H)). The latter technique is
particularly efficient if N'Bu, NSiMe,, NSiMe, and NGeMe, groups are present and
*J(®N'H) is assumed to be 2.0-2.5 (N‘Bu) or 1.0-1.8 (all other groups). Selective
'H decoupling allows to correlate ’N and 'H resonances in 1D experiments. Under
favorable conditions, 2D heteronuclear *N/'H shift correlations can also be carried
out. These polarization transfer experiments may become much less efficient if scalar
relaxation of the first kind (induced by dynamic processes such as configurational
isomerization) shortens the transverse relaxation time T,(*H) and/or T,(*’N). Fre-
quently, these dynamic processes are very fast as compared to the NMR time scale
(e.g., the Z/E = E/Z isomerization of many silyl- or stannyl-substituted sulfur diim-
ides) and do not hamper the application of polarization transfer.

Unfortunately most of the sulfur diimides are liquids, precluding a systematic
application of solid-state NMR techniques. A further difficulty arises with natural
abundance CP/MAS N NMR spectra of the sulfur diimides. It turns out that the
T,,('H,"N) values are extremely unfavorable® for efficient cross polarization. There
were no experimental problems in measuring °C, **Si or '”Sn NMR spectra of the
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Scheme | :

Numbering scheme for the sulfur diimides R*RYE(NSN)ER,R? and RINSN)ER%R? (R =
tBu, SiMe,).

ERIR? = RIRJE(NSNIERIR? |RINSN)ERR? |[R(NSN)ER}R?

R = tBy R = SiMe,

tgu 1 1 2a
SiMe, 2 2a 2
GeMe, 3 3a 3b
SnMe, 4 4a 4b
SnBu, 5 5a 5b
SnPh, 6 6a 6b
SiPh, 7 Ta 7b
SiMe,H 8 8a 8b
sitBu,H 9 9a 9b
SiPh,Me 10 - 10b
SiMe,Ph 1" - 11b
SiMe, 'Bu 12 12a 12b
SiPh,tBu 13 13a 13b
SiMe,SiMe, 14 14a 14b
SiMe,C=CPh 15 15a 15b
SnBz, 16 160 16b
SiMe,Cl 17 17e -
SiMe,C=CBu 18 - -
SiMe,Mes 19 - -
SiMe,SiMe,(NSNIR - 20q 20b

solid sulfur diimides. Therefore, °C, ®Si and '"°Sn CP/MAS NMR spectra of the
few crystalline solid compounds (4, 6, 7, 7a, 7b) are the major link for a comparison
of the structures in the solid state and in solution.

CHEMICAL SHIFTS §“N, §”Si AND §'"Sn

N-tert-butyl-substituted sulfur diimides, 'Bu(NSN)ER;R* (1, 2a—9a, 12a—17a, 20a).
The Z/E configuration of ‘Bu(NSN)'Bu (1) in solution at low temperature has been
firmly established by early 'H NMR studies,* by 'H and C NMR,* and more
recently by *N NMR.* This structure is now also confirmed for the solid state by
X-ray analysis (vide infra). The set of 8'°N data of N,N'-dialkyl sulfur diimides,*
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TABLE 1

“N, ®Si and "°Sn NMR data" of the ferr-butyl substituted sulfur diimides, ‘Bu(NSN)ER:R?

Compound | 515N §29s5i/5'"9sn| 15N b]
(%1| NtBu NERJR? | (ERIR?)
t ; [c]
2a "'Bu(NSN)SiMe,
y: E 95 | -60.5Md)] _gs9ldl| 47 A
E Z 5| +34.1 -141.5 +2.4
3a 'Bu(NSN)GeMe,[®]
y: E 70 | -68.5 -46.0 --- A
E Z 30 | +17.1 -128.7 ---
4a 'BUINSN)SnMe, (€]
Z E 25 | -65.4 -38.9, | +53.6 B
E y4 75 | +14.1 -121.0lf +41.2
5a 'Bu(NSN)SnBu, (¢!
z E 20 | -61.1 -48.0 +36.314] B
E p 80 | +12.7 -122.4 +33.1(N]
6a tBU(NSN)SnPh, [c] il i .
y: E 20| -57.000| -s5401| _414.60i B
E z 80| +17.3 | -136.3 -116.2
7a YBu(NSN)SiPh, [¢] [
z E 100| -80.7MM| -s1.1 -21.6M1 | AF
8a 'Bu(NSN)SiMe,H (n]
z E 100| -57.8 -73.81M | -15.2 A
9a 'Bu(NSN)SitBuU,H o]
y4 E 100| -55.6 -80.31° +1.0 A,D
120 'BU(NSN)SiMe,tBu [¢]
z E 100| -58.8 -71.4 +5.7 A
13a 'Bu(NSN)SIPh,tBu
z E 100/ -52.6 -80.7 -12.7 B
140 tBU(NSN)SiIMe,SiMe,
y E[[Cf]P 80 | -60.3 -66.0 |-7.2,-19.9| A
E z ' 20 | +31.4 -137.8 -6.6; -22.9
15a 'Bu(NSN)SiMe,C=cPh (€]
Z E 100| -55.1 -76.6 -23.6 A
16a tBU(NSN)SnBz, L]
z E 15 | n.o. n.o. -36.21r1 B
E y 85 | +15.5 |-124.8 -50.3[s]
1740 'Bu(NSN)SiMe,C! It] [t]
ya E 100/ -52.1 -81.7 +4.6 A
20a see text [c]
(Z/E/E/Z) 70 |-58.1(Z)| -69.0(E) | -10.3 B
(Z/E/Z/E) 30 (-60.8(2)| -66.8(E) -9.8
+32.6(E)| 139.7(2) -9.7
[al in CgzDg, measured at +27°C; ; n.o. = not observed; if not mentioned

otherwise the assignment of the '*N resonance of N'Bu is always based

upon the refocused INEPT pulse sequence with 'H decoupling (*J(**N'H)

was assumed to be 2.0-2.5H2z).
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TABLE 1 (Continued)

[b]

{c]
(d]
[e]
(f]
[q]

[h]

(i
(j]
[k]
[
(m]

[n]
[o]

{pl
q]

{r]

[s]

(t]

SN NMR methods: A=refocused INEPT pulse sequence with 'H decoupling;
B='H-inverse gated; C="5N{'H}; D = nonrefocused INEPT pulse sequence
with 'H decoupling; E = refocused INEPT pulse sequence with selective 'H
decoupling; F = 'H coupled '°N.

in tolueneldgl, measured at -40°C.

Assignment based upon heteronuclear 2D{'*N'H} NMR experiments.
In tolueneldg]l, measured at -30°C.

U("9sn'N) = 144.6 Hz.

hy/y = 10 Hz; 8'°Sn (27°C) = 31.9 (hy/, = 70 Hz); §"'°Sn (-20°C) = 35.5 (h,,
25 Hz); §'**Sn (-65°C) = 36.1 (hy,, = 10 H2).

hy/, = 10 Hz; 8'1°Sn (-20°C) = 32.4 (h,/, = 25 Hz); §"'%Sn (-65°C) = 34.0 (h,
10 Hz).

"

No assignment.

hy, = 25 Hz; §'1°Sn (-50°C) = -113.0 (hy,, = 23 H2).

hy/, @ 14 Hz; §''%Sn (-50°C) = -115.0 (h,,, = 18 H2).

8V5N(+27°C) = -79.3.

hy, =16 Hz; §%°Si(-40°C) = -21.0 (hy/, = 2 Hz); 8*Si CP/MAS = -19.0 (2),
-21.8 (E).

2)(**N'H) = 2.9 Hz.

5'5N values at -10°C; 2J("®N'H) = 1.8Hz; between +27°C and -5°C no '5N
resonance was detected.

529si = -7.2 (SiMe,SiMe,), -19.9 (SiMe,SiMe,).

5295j = -6.6 (SiMe,SiMe,), -22.9 (SiMe,SiMe,).

1]

hy/, = 15 Hz; §''°Sn (27°C) = -46.0 (h,,, = 140 H2); §"'°Sn (-20°C) = -36.8 (h,,,
30 Hz); 8'"9Sn (-60°C) = -36.1 (hy,, = 15 H2).

hy/, = 15HZ; §1°8n (-20°C) = -48.6 (hy/, = 15 H2); §'**Sn (-60°C) = -52.7 (h,,
15Hz2).

In toluene[dgl, measured at -50°C; §'*N(-60°C) = -46.1 (NtBu), -81.7
(NSiMe,Cl), at -60°C."*N NMR method : B.

nitrogen nuclear shielding calculations of sulfur diimides by GIAU methods,* and
the comparison of nitrogen shielding in sulfur diimides and N-sulfinylamines,
R(NS0O),*® considering the results of CNDO/S calculations of nitrogen nuclear
shielding in N-sulfinylamines,” allow to assign the °N resonance signals: The signal
at higher field (8'°N = —105.9) belongs to the N atom with a ‘Bu group in Z position
and the signal at lower field (§'°N = —6.6) to the N atom with a ‘Bu group in E
position.>
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TABLE 11
N, ®Si and '’Sn NMR data* of the trimethylsilyl substituted sulfur diimides Me,Si(NSN)ER!R?
Compound 515N 529si/5'19sn | '5N [P
NSiMe, | NERJR?® | SiMe, | ERJIR?
3b Me,Si(NSN)GeMe,
Z E 66.4lc1 | _ag7l] 1,04 .- A
4b Me,;Si(NSN)SnMe,
E z -a75Md) | _g14 +08lel| ,405le] p
5b Me;Si(NSN)SnBu,
E ya 45401 | 64301 | 43 |.326 B
6b Me,Si(NSN)SnPh,
E yi -39.300) | _73509) |05 |-1226 | B
7b Me,Si(NSN)SiPh,
-58.3 n.o. «34001 1 5 glhll g c
8b Me,Si(NSN)SiMe,H
55001 | _e6.6(f1 {421 |-16.3 AE
9b Me,Si(NSN)SitBu,H _
z E -71.4 556l |.19 -0.7 A
10b Me,Si(NSN)SiPh,Me
-56.3 -61.6 +2.7 | -146 A
11b Me,Si(NSN)SiMe,Ph
-56.3 -59.2 +2.4 -6.6 A
12b Me,Si(NSN)SiMe, Bu
Z E -64.4 -53.3 .7 +6.3 B
13b Me,Si(NSN)SIPh,tBuU
Z E -7230) | se3501 |422 [-12.3 B
14b Me,Si(NSN)SiMe,SiMe,
E yi 384kl | _76.2[k) | 414 -7.3l0) g
-19.4
15b Me,Si(NSN)SiMe,C=CPh
-58.4 -62.4 +3.0 |-24.0 A
16b Me,Si(NSN)SnBz,
E z -436 | -66.9 |+0.5 |-46.1 B
20b see text
(E/Z/2/E) -33.1Im)) _7g 2Mmli 4 g[nd} 40 4[n1} 4
[a] In CgD¢, measured at +27°C; n.o. = not observed; if not mentioned other-

wise the assignment of the '®*N resonance of NSiMe, is always based upon

the refocused INEPT pulse sequence with 'H decoupling (*J('*N'H) was
assumed tobe 1.8 Hz); the §'®N values point to the Z position of the SiMe,
groups in 9b, 12b and 13b, in consequence the position of the second silyl

substituentis assumed to be E.

[b] See footnote [b] in Table I.
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TABLE Il (Continued)

[c] In tolueneldgl, measured at -20°C; 8'N (27°C) = -52.3 (NGeMe,), -62.9
(NSiMe,).

[d] 8'N(-10°C) = -45.4,

[e]l In tolueneldg), measured at -10°C.

[f]1 In tolueneldg], measured at -40°C.

[g] 8'®N(-40°C) = -39.3 (NSiMe,), -77.7 (NSnPh,).

[h] 52°Si CP/MAS = +5.7 (SiMe,), -21.0 (SiPh;); §'3C CP/MAS = -0.1 (SiMe,),
128.9, 130.2, 134.8, 136.3 (SiPh,).

61 2J0SN'H) = 1.4 Hz.

[j1 Intolueneldgl, measured at -30°C.

[kl In tolueneldgl, measured at -50°C.

[l 82%Si = -7.3 (SiMe,SiMe,), -19.4 (SiMe,SiMe,).

[m] In tolueneldg], measured at -50°C; § '®*N(27°C) = -45.9 (NSiMe,), -69.1
(NSiMe,); 8'*N(-40°C) = -35.6 (NSiMe;), -76.2 (NSiMe,); assignment
based upon heteronuclear 2D{'*N'H]} NMR experiments.

[n] §2%°Si(-65°C) = 2.4 (SiMe;), -9.7 (SiMe,).

The sulfur diimides 'Bu(NSN)ER}R? (see Table 1) frequently exist as two isomers
in solution. The large difference in ’N nuclear shielding between ‘Bu substituents
in Z and in E position (analogous to 'Bu(NSN)'Bu) enables to assign the preferred
configuration. Representative examples of "N NMR spectra are shown in Figure 1.
Of the numerous possible configurations for compound 20a only two isomers are
present in which the (Z/E/E/Z) configuration (Z position of the '‘Bu group) is preferred
(70%) over the (Z/E/Z/E) configuration (‘Bu group both in Z and in E position). So
far there is no example of a sulfur diimide with both ‘Bu group and a second sub-
stituent in Z position.

t t
. Me,,"‘Si/Me ?U . Me,,’"S/MeN/S\N/BU
Z 9 x (
T/ SN \Si/N\S/N N/ SN \Si/
tgy MeY “Me tt|3u MeY  “Me
20a 20 a
(Z/E/E/2Z) {Z/E/Z/E)

Similarly, the ‘Bu group in E position seems to force the second substituent into
the Z position. In general, it appears that for ER;R? = silyl, the (Z/E) isomer with
the '‘Bu group in Z position dominates, whereas the portion of (E/Z) isomer increases
for ER}R? = germyl and becomes dominant for ER;R” = stannyl.

As can be seen from the 6”Si values of the two isomers of 2a (8*Si +1.7 and
+2.4), Si NMR s not helpful in the configurational assignment. Somewhat larger
shift differences A'°Sn are found for the isomers of 4a (A'°Sn 12.4) and of 16a
(A'"”Sn 14.1), but the A'"Sn values are again rather small in the case of the isomers
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TABLE I
N, ®Si and *Sn NMR data® of the sulfur diimides R?R.EE(NSN)ER'R?

Compound 515N 529si (SIR4R?)/ | 15N [b]
(ERIR?) NERJR? §''%sn (SnRIR?)

1 (CMey) -6.6 (E) - AE

-105.9 (2) ---

2 (SiMey be] -5g.0d] 1.6 A

3 (GeMe,) -52.6lel --- A

4 (SnMey [f] -47.3 +40.5 8

5 (SnBu,) -43.7 +24.1 A
6 (SnPh,) -54.69] -124.40] 8

7 (SiPh,) - -21.6l1 -
8 (SiMe,H) -64.2111 -16.3 A
9 (SitBu,H) -71.9kI -1 A
10 (SiPh,Me) -61.0 -14.1 A
11 (SiMegPh) -60.711] -6.2 A
12 (SiMe, tBW) -61.0 +6.4 A
13 (SiPh,'BU) -63.4lcl -12.3 B
14 (SiMe,SiMe,) -56.1[m] -7.4; -19.501 | A
15 (SiMe,C=CPh) -62.4 -23.4 A
16 (SnBz,) -50.1 -44.1 B
17 (SiMe,Ch -62.7 +6.3 F
18 (SiMe,C=CBu) -615 -24.6 A
19 (SiMe;Mes) -52.400] -6.9 A

[a]
[b]
[c]
{d]

[e]

[f]

[g]
[h]

(il
(j1
k]

[
[m]
[n]
[o]

Intoluene[dg]l, measured at 27°C.

See footnote [b]l in Table I.

In toluene(dg] at -40°C.

No change of the chemical shift of the '*N resonance (¢ 1 ppm) up
to -120°C.

In tolueneldg), measured at 27°C; up to -55°C 8'SN = -52.6 (2 1
ppm); from -60°C to -110°C no '*N resonance was observed.

In tolueneldyl, measured at -20°C; §'*N(-40°C) = -46.4 (broad);
§11%Sn(CP/MAS) = 28.2.

In thf-dg, measured at 27°C.

hys, = 42 Hz; 8''°5n(0°C) -122.0 (hyy, = 34 Hz); 8''°Sn(-20°C) =
-120.5 (h,/, = 32 Hz); 8''°Sn(-40°C) = -119.5 (h,y, = 57 Hz2); §"'%Sn
(-60°C)=-116.9 (hy, = 22 H2); §''°Sn(-80°C) = -115.2 (h,, = 200
Hz); 8'1°Sn{CP/MAS) = -118.7 (Z), -142.0 (E).

§2%Si CP/MAS = -16.6 (Z), -22.8 (E).

'J(**Si'®N) = 0.4 Hz; up to -90°C §'°N = -65.0 (¢ 1 ppm).
Upto-70°C3**N=-73.0(+1ppm), >N NMRmethod: B (from -50°C
to -70°C).

5'%N(-40°C) = -60.7, "N NMR method : B.

Up to -50°C 5'5N = -56.0 (¢ 1 ppm).

§29Si = ~7.4 (SiMe,SiMe;), -19.5 {SiMe,SIMe,).

hys, = 1.5 Hz; 3'°N(-50°C) = -53.1, hy, = 3.0 Hz, "*N NMR method : B.
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15 -5 -15 -35 -55 -75 -95 -115 §1sN

A
A
) t
AN/S\N/Sl""e:‘ Bu\ﬁ/s\i\’l )
L
té,u SiMe,
2a 2a
[ ]
N
{ .
Y T T T T T I AN I ¥
20 -20 -60 -100 ~140 815N

FIGURE 1 (A) 30.5 MHz "N NMR spectrum of ‘Bu(NSN)SiMe; (2a) in toluene[d,], measured at
—40°C, recorded using the refocused INEPT pulse sequence with 'H decoupling, *J("°N'H) = 2.5 Hz
was assumed. (B) 30.5 MHz “N{'H)} NMR spectrum of 'Bu(NSN)SnMe;, (4a) in toluene[d,), measured
at —40°C; 'Sn satellites are marked by asterisks, 'J(**Sn'’N) = 144.6 Hz.
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TABLE IV

Temperature dependence of §''°Sn values and linewidths (Hz) of the Z/E-
and E/Z isomers of 4a and 4, and temperature dependence of 5'°Sn values

of Me,Sn(NSN)SnPh,
tBu(NSN)SnMe, (4a) | Me,;SnINSN)SnMe, (4) | Me,SnINSN)SnPh; | Temp.
E/Z Z/E [a] Me,Sn SnPh, [°C}
56.4 56.4 40.5 +25
(~1000)  (~1000) (210) 476 1239
47.3 56.7 40.5 0
9.6 -120.

(620) (170) (83) 4 120.7
428 559 40.5 -20
M0 (50) (78) 08 -19d
41.2 53.6 40.3 -40
(290) (20) (160) 530 116.0
37.6 49.0 37.4 -60

54.5 -113.
110 (20) (340} 138
33.6 485 27.0 L -90
(~1100) (150) (~1000)

[o] Data for a saturated solution of Me,Sn(NSN)SnMe,; the 5'*Sn values of 4 and 4a

are extremly concentration and temperature dependent.

of tributyltin- 5a (A'°Sn 2.2) and triphenyltin derivatives 6a (A'"°Sn 1.6). Further-
more, these A'°Sn values depend markedly on concentration and temperature. Thus,
it must be concluded that the 8'"°Sn data are not reliable for distinguishing config-
urations of stannyl sulfur diimides. However, the temperature dependence of the
5'°Sn values and of the linewidths (hy,;) is remarkable (Table IV). In the case of 4a
at —90°C, the '"Sn resonance of the Me,;Sn group in Z position is shifted by ~23
ppm to lower frequency as compared with the broad averaged signal at 25°C. In
contrast, the ''°Sn NMR signal of the Me;Sn group in E position remains fairly sharp
and is shifted only by ~5 ppm to lower frequency. The most likely explanation
invokes weak intermolecular association as shown in A for the dominant isomer of
4a. On steric grounds, the same type of interaction is expected to be weaker if the
‘Bu group is in Z position (B).
Sn Me, S

‘8u \N/S\N"’ ril\ N N/ \N\‘ N

SN sZ Sty tBu Me,Sn”” Ns#

SnMe:, tBu

| .-

Me;Sn
A B
N-Trimethylsilyl-substituted sulfur diimides, Me,Si(NSN)ERR® (2, 3b—16b, 20b).
The assignment of "N NMR signals at high and low field to nitrogen atoms bearing
the organometallic substituent in Z and E position, respectively, can also be used
consistently for the N—SiMe; substituted sulfur diimides (Table II). However, the
effects induced by the organometallic substituents are smaller as compared to the
‘Bu group, and in many cases, the systems are more fluxional. This has already been
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N/ \N/SIPhJ
4 |
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¥ T ¥

T
10 o -10 -20 829Si

FIGURE 2 59.6 MHz *Si CP/MAS NMR spectrum of Me,Si(NSN)SiPh, (7b); measured at 27°C,
recycle delay 10 s, contact time 4.5 ms, rotation frequency 2548 Hz, 245 scans; the isotropic 57°Si values
are marked by & and O, the asterisks mark the isotropic 5™Si values of Ph;Si(NSN)SiPh, (7).

noted for bis(trimethylsilyl)sulfur diimide 2 and some other di(silyl)sulfur diimides
such as 14b and 20b.*® For many of the examples given in Table II, "N NMR
measurements have been carried out at various temperatures (see footnotes to Table
I1). The observed shifts of the "N NMR signals indicate that Z/E == E/Z isomeri-
zation occurs still fast on the NMR time scale, although the trend of the §'°N values
can be used to predict the greater contribution of a particular configuration. This is
indicated in Table II. The assignment given does not exclude minor contributions of
opposite configurations.

Symmetrically substituted sulfur diimides, R°RyE(NSN)ERR® (E = Si, Ge; 1-3, 7—
15, 17-19). The 6" °N values of the unsymmetrically substituted sulfur diimides
14b and 20b clearly show that the 8N values of Me,Si(NSN)SiMe, (2) and
Me,Si,(NSN)Si,Me; (14) are averaged™ owing to fast Z/E = E/Z isomerization.
This should also apply to the other di(silyl)sulfur diimides (8-13, 15, 17-19) some
of which (e.g., 8, 9, 19) have been studied in solution at low temperatures down to
—100°C.

This situation is similar in the case of bis(trimethylgermyl)sulfur diimide 3. The
8"°N value (—52.6) appears to be averaged and there is no change down to —55°C.
However, we have failed to measure "N NMR signals of 3 between —60°C and
—110°C, using INEPT or direct observation. This can be the result of severe broad-
ening of the "N NMR signal owing to slower dynamic processes.

Triphenylsilyl-substituted sulfur diimides, R*’RyE(NSN)SiPh; (7, 7a,b). The results of
the single crystal X-ray analyses (vide infra) prove that both Ph;Si(NSN)SiPh; (7)
and Me,Si(NSN)SiPh, (7b) adopt the Z/E configuration. The solid-state ’Si CP/MAS
NMR spectrum of 7b (Figure 2) shows two resonances (+5.7, —21.0) in a 1:1 ratio,
completely in accord with the results of the X-ray analysis. In contrast, the solution-
state 8'"°N value of the NSiMe, group (—58.3) is typical of fast Z = E intercon-
version.™® The fast isomerization in solution is also supported by the difference Ad
Si 2.7 ppm between solid and liquid-state §”°Si(SiMe;) values. On the other hand,
the 8Si(SiPh;) values are nearly identical in solution (—21.6) and in the solid
(—21.0), indicating the preference of the Ph;Si group for the E position also in the
liquid state. Whereas 7b exists exclusively as Z/E isomer in the solid-state, rapid
isomerization between the Z/E and the E/E isomer takes place in solution, and minor
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contributions to the equilibrium arising from the E/Z or even the Z/Z isomer cannot
be excluded.

The solid-state °Si CP/MAS NMR spectrum of 7 shows two resonance signals
[6®Si —16.6: Ph,Si group in Z position; §”Si —22.8: Ph,Si group in E position as
in 7b (vide supra)), again in agreement with the molecular structure. However, the
integral ratio is not 1:1, as expected, but rather ~1:2, the stronger signal being at
lower frequency. This ratio does not change (within the experimental error) with
different contact times for cross polarization, and therefore, it suggests that the bulk
of the solid material may contain another isomer in addition to the E/Z isomer of 7.
We conclude that 7 solidifies from CH,Cl,/hexane solutions as a mixture, consisting
of the E/Z isomer, of which single crystals could be obtained, and the E/E isomer.
This is supported by comparing the X-ray powder diagram of the bulk material of
7 (there are several additional lines which do not belong to the E/Z isomer) with
that calculated from the X-ray diffraction data for the single crystal. Interestingly, a
single Si resonance was found in solution (67Si —21.6). This ?Si value is rather
close to the solid-state §”°Si value assigned to the SiPh, group in E position. Thus,
it appears that the E/E configuration of 7 is dominant in solution, and the Z/E con-
figuration plays a minor role.

According to 'H, ®C and "N NMR data ‘Bu(NSN)SiPh; (7a) adopts the Z/E
configuration in solution. The single *Si NMR resonance (8Si —21.6) indicates
the E position of the Ph;Si group (vide supra). However, the solid-state »Si CP/MAS
NMR spectrum shows two signals, one at §Si —21.8 (SiPh; group in E position)
and another one at 8°Si —19.0 (presumably for a SiPh, group in Z position). This
is another example of a sulfur diimide with a preferred Z/E configuration in solution
which then crystallizes as a mixture of Z/E and E/Z isomers.

As can be seen from the NMR data, all silyl groups in the compounds 2a, 7a—
15a, 17a, 20a, 3b—6b groups seem to prefer the E position in solution. In contrast,
it will be shown that the stannyl groups prefer the Z position.

Stannyl-substituted sulfur diimides, Me,Sn(NSN)SnPh, and R*R,Sn(NSN)SnR;R> (4~
6, 16). In the case of '‘Bu(NSN)SnMe, (4a) both the Z/E and the E/Z isomer are
present in solution. From the ''*Sn NMR spectra of this mixture at various temper-
atures (Table IV), it follows that 8'”Sn(SnMe,) ~ +40 indicates the Z position and
5'"Sn(SnMe;,) ~ +50 the E position. The broader '’Sn NMR signals are found for
the Me,Sn group in Z position, most probably as a result of weak association (A).
In solution, single '*N and '"’Sn resonances were found for Me,Sn(NSN)SnMe; (4),
pointing either to fast isomerization or to a single configuration (E/E or Z/Z). The
'%Sn NMR signal of 4 at room temperature is fairly broad, depending on the con-
centration. It sharpens at first on cooling, then it becomes again broader, and finally
it becomes extremely broad (=1000 Hz) in concentrated toluene solutions at —90°C.
The change in the 8'”Sn values and in the linewidth (see Table IV) corresponds
closely to the findings for the dominant isomer of 4a with the Me;Sn group in Z
position. The solid-state CP/MAS '>Sn NMR spectrum of 4 shows that there is only
a single tin site (Figure 3) which means that we are dealing either with the E/E or
the Z/Z configuration. The §'*Sn value of 4 in solution (of a saturated solution) at
—90°C (8'°Sn 27.0) is very close to the isotropic solid-state 6''°Sn value (28.2). All
this leads to the conclusion that 4 exists as a Z/Z isomer in the solid state and that
the Z/Z configuration is also preferred in solution, at least at low temperature.
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-50 -100 -150 -20G6  §''®Sn

N7 SNN
| |
Me;,Sn SnMe,
B 4

150 100 50 0 §119Sn

FIGURE 3 (A) 111.9 MHz '""Sn CP/MAS NMR spectrum of Me,;Sn(NSN)SnMe, (4); measured at
27°C, recycle delay 5 s, contact time 1 ms, rotation frequency 3192 Hz, 631 scans; the isotropic 5'”Sn
value is indicated by an arrow. (B) Enlargement of the centre band. (C) 111.9 MHz "**Sn CP/MAS NMR
spectrum of Ph;Sn(NSN)SnPh; (6); measured at 27°C, recycle delay 30 s, contact time 5 ms, rotation
frequency 3566 Hz, 2484 scans; the isotropic 8''°Sn values are marked by arrows.

In the case of Me;Sn(NSN)SnPh,, the §'°Sn(SnMe;) value ~+50 at different
temperatures (see Table IV) points to major contributions arising from isomers with
the Me,Sn group in E position (see Table IV). On the other hand, the 5'°Sn(SnPh,)
value ~—118 indicates the Z position of the SnPh; group (see the discussion of 6).
Apparently the Z/E configuration of Me;Sn(NSN)SnPh, is preferred in solution.

In solution between +25 and —80°C, the '"Sn NMR spectrum of Ph,Sn-
(NSN)SnPh; (6) shows only one '’Sn resonance [6'°Sn(25°C) —124.1]. In con-
trast, the solid-state ''’Sn CP/MAS NMR spectrum shows two signals in a 1:1 ratio
(Figure 3). Obviously 6 adopts the Z/E configuration in the solid state. The signal
at lower frequency (—142.0) is assigned to the Ph;Sn group in E position, the
signal at higher frequency (8''°Sn —118.7) to the Ph;Sn group in Z position [in
analogy to 6”Si(SiPhs) in 7, 7a and 7b). The §'°Sn value of 6 in solution at —80°C
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FIGURE 4 Molecular structure of ‘Bu(NSN)'Bu (1); Bond lengths [pm]: S—N(1) 154.62(6); S—N(2)
153.09(6); N(1)—C(1) 149.03(7); N(2)—C(2) 147.79(7); C(1)—C(11) 153.09(7); C(1)—C(12)
152.97(9); C(1)—C(13) 152.92(9); C(2)—C(21) 153.1(1); C(2)—C(22) 153.02(9); C(2)—C(23)
153.1(1). Bond angles [°]: N(1)—S—N(2) 117.42(3); S—N(1)—C(1) 118.18(4); S—N(2)—C(2)
127.95(4); N(1)—C(1)—C(11) 115.05(2); N(1)--C(1)—C(12) 106.45(5); N(1)—C(1)—C(13)
105.91(4); C(12)—C(1)—C(11) 109.68(5); C(13)—C(1)—C(11) 109.46(5); C(13)—C(1)—C12)
110.1965); N(2)—C(2)—C(21) 105.29(5); N(2)—C(2)—C(22) 110.70(5); N(2)—C(2)—C(23)
110.42(5); C(21)—C(2)—C(23) 109.90(5); C(22)—C(2)—C(21) 109.88(5); C(22)—C(2)—C(23)
110.52(5).

FIGURE 5 Molecular structure of Ph,Si(NSN)SiPh, (7); Bond lengths [pm]: S—N(1) 150.6(3); S—
N(2) 150.8(3); N(1)—S8i(1) 173.9(3); N(2)—Si(2) 176.1(2). Bond angles [°]: N(1)—S—N(2) 117.6(1);
S—N(1)—Si(1) 133.3(1); S—N(2)—Si(2) 131.5(2).

(8'"Sn —115.2) is very close to the isotropic solid-state '"°Sn value of the Ph,Sn
group in Z position. This suggests a strong contribution of the Z/Z configuration in
solution.

Comparing the results for the Ph,Si and Ph,Sn substituted sulfur diimides, it be-
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Ca19}

FIGURE 6 Molecular structure of Me,Si(NSN)SiPh, (7b); Bond lengths [pm]: S—N(1) 151.5(2);
S—N(2) 151.1(2); N(1)—Si(1) 174.2(2); N(2)—Si(2) 176.4(2). Bond angles [°]: N(1)—S—N(2)
117.4(1); S—N(1)—Si(1) 128.4(1); S—N(2)—Si(2) 127.7(1).

comes obvious that the structures of these compounds show the same trend as ob-
served for the Me;Si and Me;Sn derivatives: The silyl group prefers the E position,
whereas the stannyl group prefers the Z position. Furthermore, these examples show
that the configuration of sulfur diimides in the liquid state may be quite different
from that in the solid state, and that these sulfur diimides are highly fluxional in
solution.

COUPLING CONSTANTS 'J(*Si*N), 'J(*”Sn"*N)

In spite of a sufficient signal-to-noise ratio, it was not possible to detect *Si satellites
in the N NMR spectra of various di(silyl) or silyl sulfur diimides.”® This is in
agreement with extremely sharp Si NMR signals which do not bear any sign of
broadening owing to partially relaxed scalar ®Si—"N coupling. The attempt to use
Hahn-echo extended (HEED)" pulse sequences for measuring J(*Si'*N) values in
*Si NMR spectra also failed. Since INEPT experiments based on *J(**NSiC'H) work
very well, intermolecular exchange of silyl groups can be excluded. Therefore, the
values 1'J(®Si"’N)| must be very small. This is in agreement with the finding for
silyl-substituted sulfinylamines, e.g. Me,'BuSi(NSO), for which 'J(*Si*N) was ob-
served in the order of less than 1 Hz."! In general 'J(*’Si’N) values are positive and
range from a few Hz up to 40 or 50 Hz, depending on the substituent pattern at Si."?
The small value of 1'7(*Si”’N)I in the silyl sulfur diimides can be explained by
assuming negative contributions to the Fermi contact term which arise from the
presence and the nature of the lone pair of electrons at the nitrogen atom.'?

If 'J7(®Si**N) values are close to zero, fairly large and negative values 'J(**Sn"*N)
can be expected for the same type of compound.'” Thus, 1'7(***Sn**N)| = 144.6 Hz
was measured in the "N NMR spectrum of 4a (see Figure 1). In other examples the
signal-to-noise ratio in the "N NMR spectra was insufficient for reliable assignment
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TABLE VI

Selected distances (pm) and bond angles (°) of the sulfur diimides ‘Bu(NSN)'Bu (1), Ph,;Si(NSN)SiPh,
(7), Me,Si(NSN)SiPh, (7b) and of some comparable sulfur
diimides R(NSN)R' -

R/R'

configuration |d(S-N){Z} [ d(5-N){E} | 2(N-S-N) | <(5-N-R){Z} <(S-N-R) (E}
tay/tey o] 153.09(6) | 154.62(6) | 117.42(3) | 127.95(4) 118.18(4)

Z/E

SiPhy/SiPh, (9 | 150.8(3) | 150.6(3) | 117.6() | 131.5(2) 133.3(1)

Z/E

SiMe,/SiPh, [ 151.12) | 151520 | 17,400 | 127.7(1) 128.4(1)

Z/E

SiMe,/SiMe,*®| 151.54(6) | 152.33(6) | 117.76(3) | 129.79(4) 123.28(3)
Z/E

[bl/SiMe, ' | 155.8(7) | 150.3(5) | 114.1(4) | 116.1(3) 128.8(4)

Z/E

. 5

tBu,P/tBu,P'%| 150.4(4) | 152.9(4) | 116.6(2) | 137.1(2) 118.8(2)

Z/E

hf[dbf

t8u,P/tBu,P'P| 149.4(3) | 153.5(2) | 118.4(2) | 151.3(4) 119.8(2)

Z/E

[a}] Data from this work.
[b] R = S-C.H"4'N02,
[c] M =MnCp(CO),.

of ""'*Sn satellites. The strong temperature dependence of the '’Sn NMR signals
prevented the application of HEED experiments'® to detect *N satellites in the ''*Sn
NMR spectra. However, the solid-state '’Sn CP/MAS NMR spectrum of 4 (see
Figure 4) shows a pattern which arises from non-averaged dipolar '>Sn—"N inter-
actions' and from scalar '*Sn—"N coupling ['J(*"*Sn"N) ~ 85 Hz; 'J(*"*Sn"N)
=~ 125 Hz].

X-RAY ANALYSIS.
The experimental data related to the X-ray analyses are given in Table V. The

molecular structures of 1, 7 and 7b are shown in the Figures 4—6, and the legends
to the Figures 4—6 contain relevant information on bond lengths and bond angles.
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A comparison of the bond angles and bond lengths of ‘Bu(NSN)Bu (1),
Ph;Si(NSN)SiPh; (7) and Me;Si(NSN)SiPh, (7b), together with structural data re-
ported for other sulfur diimides (Table VI) confirms that the structural parameters of
1, 7 and 7b are in the expected range. The SN bond distances (between 150 and
154 pm) are typical for S==N double bonds, and the bond angles N—S—N
(117.42°, 117.6° and 117.4°) are characteristic of sulfur diimides with Z/E configu-
ration. It is apparent from the data in Table VI that the bond angle S—N—El
(element El = C, Si, P, S) of the Z-substituent is mainly determined by steric require-
ments since the more bulky groups cause a larger bond angle. In contrast, there
are convincing examples that in the E position the bond angles S—N—El (El = C,
Si, P) do not respond to the bulkiness of the substituent: (i) There is a difference of
5.5° for the E fragments SNSiMe; in Me,Si(NSN)SiMe; (2) and Me;Si(NSN)S—
C¢H,—4—NO,; (ii) the bond angles S—N—P in the E fragments of 'Bu,(Se)-
P(NSN)P(Se)Bu, and '‘Bu,[(CO),CpMn]P(NSN)P[MnCp(CO),]'Bu, are smaller by
=~5°, =10° and ~15° than the respective bond angles S—N-—Si in Me,Si-
(NSN)SiMe; (2), Me,Si(NSN)SiPh; (7b), and Ph;Si(NSN)SiPh, (7), although the
‘Bu,(Se)P or 'Bu,[Mn(CO)CplP group must be considered to be more bulky than a
SiMe, or a SiPh, group. The structural data indicate that for El = Si, the bond
angle S—N—EFIl in the E fragment is widened. This appears to be a prerequisite
for the fluxional character which is observed for many silyl-substituted sulfur diim-
ides in solution.

EXPERIMENTAL

The sulfur diimides 1," 2,**'* 3, 4,'"** 5_¢, 8—14, 3a, 5a—9a, 12a—14a, 3b, 5b—14b,* 17, 20b,™
22,7 42** and 4b*' were prepared as described in the literature. The sulfur diimides 15, 16, 19, 15a,b,
16a,b,* 17a* and 20a™ were prepared following literature procedures closely.

Me,;Sn(NSN)SnPh; was prepared by a 1:1 exchange reaction between 4 and 6 in toluene-d; in an
NMR tube.

NMR spectra were recorded using Bruker AC 300, Bruker AM 500 (**N, *Si, '"*Sn) and JEOL FX
90Q instruments (*Si, '’Sn), equipped for multinuclear NMR at variable temperature. Conditions for
INEPT? (®Si, *N NMR) were optimized according to coupling constants *J(**Si'H) ~ 7 Hz, *J(**N'H)
~ 1.0 to 1.8 Hz for a NSiMe,R? group and *J(**N'H) ~ 2.0 to 2.5 Hz for a N'Bu group. In some cases,
it was necessary to use 'H inverse-gated decoupling for direct "N NMR measurements.

A Bruker MSL 300 spectrometer served for measuring the solid-state °C, *Si and '°Sn CP/MAS
NMR spectra. Air-tight inserts” were used, fitting into the commercial ZrO, rotor of the double bearing
probe head.

Chemical shifts are given with respect to Me,Si (8%°Si, E(®Si) = 19.867184 MHz), neat MeNO,
(8N, E(*N) = 10.136767 MHz) and Me,Sn (5'Sn, E(***Sn) = 37.290665 MHz).

For the X-ray studies ‘Bu(NSN)'Bu (1) was distilled into an X-ray capillary (diameter 0.2 mm) under
high vacuum. The capillary was sealed and a cylindrical crystal (0.2 X 0.7 mm) grown in situ on the
diffractometer, maintaining a temperature slightly below its melting point (—~17°C). Crystals of
Ph;Si(NSN)SiPh, X 0.5 CH,Cl, (7) precipitated from a solution of 7 in dichloromethane/hexane at
—20°C, and crystals of Me,Si(NSN)SiPh; (7b) were obtained from a mixture of 7b, Me;Si(NSN)SiMe,
(2) and 7 in hexane/ether at —20°C.
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