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ABSTRACT:  S-(Diethylamino)dimethylsilyl ~ bis-
(diethylamido)dithiophosphate 3 was obtained by the
reaction of tetraphosphorus decasulfide 1 with bis-
(diethylamino)dimethylsilane 2a. The reactions of
Lawesson’s reagent 5 with 2a and the alkyl ho-
mologues of Davy’s reagent 8a,b with trimethyl-
(diethylamino)silane 6 were studied. On the ba-
sis of these reactions, methods of synthesizing
S-(diethylamino)dimethylsilyl or S-(diethylamino)-
diphenylsilyl 4-methoxyphenyl (diethylamido)dithio-

phosphonates Ta and Tb and S-trimethylsilyl
S-alkyl(diethylamido)trithiophosphates ~ 9a,b  are
described. The optimal reaction  conditions

and thermal stability of S-trimethylsilyl S-ethyl-
(diethylamido)trithiophosphate 9a were defined by
differential thermal analyses. Compound 9a have been
decomposed to form 2,4-bis(diethylamido)-1,3,2,4-
dithiadiphosphetane-2,4-disulfide 10 which structure
was established by X-ray single crystal diffraction.
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INTRODUCTION

Over the past few years, we have been involved in
the development of methods of synthesizing S-silyl
esters of tetracoordinated phosphorus thioacids
on the basis of tetraphosphorus decasulfide 1 and
1,3,2,4-dithiadiphosphetane-2,4-disulfides [1-8].
Silanes containing only one dialkylamino group
have been reported to react with 1 [9] and 2,4-
bis(diethylamido)-1,3,2,4-dithiadiphosphetane-2,4-
disulfide 10 [4] to give S-silyl diamidodithiophos-
phates. However, the chemical behavior of silanes
containing a few dialkylamino groups remained
unknown in the similar reactions. In this article,
reactions of 1 and 1,3,2,4-dithiadiphosphetane-2,4-
disulfides with diaminosilanes are presented. The
thermal stability of S-silyl amidotrithiophosphates
is defined. The formation and molecular and crystal
structure of 10 are described.
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RESULTS AND DISCUSSION

Taking into account the rather high reactivity of
aminosilanes [4,9], the formation of the mixtures of
monophosphorylated and diphosphorylated silanes
could be expected by the use of diaminosilanes in
the reaction with 1. To avoid the formation of the
mixtures of organophosphorus products in this re-
action, we have defined the optimal conditions of
the formation of a monophosphorylated product by
differential thermal analysis. It was found that 1
starts to react with bis(diethylamino)dimethylsilane
2a at 40°C (Table 1). The reaction of 1 with 2a
at 40°C for 2 h in CH,CIl, suspension proceeds via
the rupture of only one of the N—Si bonds and
with the formation of S-(diethylamino)dimethylsilyl
bis(diethylamido)dithiophosphate 3 (reaction 1,
Tables 2-6).

s N
P4Sqg + 8MesSi(NEty), > 4(Ety)N),P-S-SiMe,
1 2a -2(Me,SiNEty)»S 3
4
(1)

In reaction 1, bis(diethylaminodimethylsilyl)-
sulfide 4 is formed. It is noteworthy that the
3'P resonance of 3 (Table 3) appears in practi-
cally the same region as that of S-trimethylsilyl
bis(diethylamido)dithiophosphate (8 = 83.6 [9]).
Both compounds have the same N,P(S)S—Si frag-
ment. The 'H NMR spectrum of 3 (Table 5)
shows two triplets of the methyl protons of the
(CH;CH,),N—Si and [(CH3;CH,),N],P groups. The
chemical ionization spectrum of 3 (Table 6) exhibits
the mass peak m/e 370 because of its molecular ion
[M + H]*.

It is considered of interest to compare the
reactivity of silanes containing one and two di-
alkylamino groups at the silicon atom toward
1,3,2,4-dithiadiphosphetane-2,4-disulfides. We have
shown that 2a is more reactive than that of
trimethyl(diethylamino)silane (6) in the reaction
with Lawesson’s reagent 5 (Table 1). The reaction
of 5 with 2a and bis(diethylamino)diphenylsilane
2b at 20°C for 1-2 h (in CH,Cl, suspension or
with no solvent) has been found to bring about

TABLE 1 Differential Thermal Analysis
Data of the Reaction Mixtures; Tempera-
ture of the Initial of the Thermal Effect (°C)

1+2a 40
5+6 32
5+2a 10
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the formation of S-(diethylamino)dimethylsilyl or
S-(diethylamino)diphenylsilyl 4-methoxyphenyl(di-
ethylamido)dithiophosphonates 7a and 7b, respec-
tively (reaction 2, Tables 2-6).

NEt,
A E/S\PN £ S ﬁ/S-!siRz
r= \S/II = + 2 tzNJz IR2 —_— QAF_P\NEtz
: 2
5 2a,b 7a,b 2)

Ar = 4-MeOCgH,; R = Me (2a, 7a), Ph (2b, Tb)

Compounds 7a and 7b were isolated in 72%
yields. Product 7a is a colorless crystalline solid.
Liquid 7b was purified by means of a falling-film
distillation. The 3'P chemical shift values of S-
dimethylsilyl containing 7a is shifted to high field
(6 = 86.9) with respect to that its diphenylsilyl homo-
logue 7b (6§ =73.0). The 'H NMR spectrum of 7a in
CD;CN solution (Table 5) reveals a triplet at 6 = 1.24
for the methyl protons of the (CH;CH,),N—Si group.
This resonance is shifted toward high field in com-
parison with the similar protons of the same group
of 3. The electron impact mass spectra of 7a and 7b
(Table 6) show the mass peaks n/e 404 and 528 of
their molecular ions [M]**, respectively.

In continuation of our study, we have man-
aged to involve other 1,3,2,4-dithiadiphosphetane-
2,4-disulfides, for example, the alkyl homologues
of Davy’s reagent 8a,b, in the reaction with
monoaminosilane 6 at 50°C for 9 h (reaction 3,
Tables 2-6).

: S-SiMe
Rs.P<S>hD-SR + 2Et,N-SMe; —» 2RS—l§/ :
st NEt,
8a,b 6 9a,b

3)

R = Et (8a, 9a), Bu-/ (8b, 9b)

S-Trimethylsilyl S-alkyl(diethylamido)trithio-
phosphates 9a,b containing mixed alkylthio- and
dialkylamido substituents were obtained in this re-
action as depicted in reaction 3. All of the com-
pounds 9a,b were purified by use of a falling-film
distillations. The 3!'P resonances of 9a,b (§ = 83-84)
appear in practically the same region as that for S-
silyl diamidodithiophosphate 3 (6 =83.1, Table 3).
The methylene protons of the two ethyl substituents
of the (CH;CH,),NP group of 9a in CCl, solution (Ta-
ble 5) resonate as a doublet of quartets. The mass
peaks n/e 301 in the electron impact mass spectrum
of 9a (Table 6) is due to its molecular ion [M]*.
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TABLE 2 Experimental Data and Yields of the Products Obtained

Reaction Conditions

Initial Compounds Quantity (g (mmol)) Temperature (°C)/ Time (h) Product Yield (g (%))
1:4.2 (9.5); 2a: 15.4 (76.1) 40/2.5 10 mL CH»Clo 3:5.6 (40)°
5:3.5(8.7); 2a: 3. 5 (17.3) 20/2 10 mL CH»Cl, 7a: 3.4 (49)°
5:3.0(7.4); 2b: 4.9 (15.0) 201 7b: 5.6 (72)2
8a: 22.2 (71.6); 6. 20.8 (143.3) 50/9 9a: 21.3 (49)b
8b: 15.8 (42.9); 6: 12.5 (86.4) 80/10 9b: 4.4 (16)0
2Yield of crude product.
bYield of product isolated by a falling-film distillation.
°Yield of crystalline product.
TABLE 3 Physical, Analytical, and 3'P NMR Data of the Products Obtained
Bp., °C Molecular Formula Found/Calcd (%) 31p NMR, 6

nZ0 a2 (mmHg)? (molecular mass) P S Si (Solvent)
3 1.5021 160 (0.05)  C14H3gN3PS,Si (369.3) 8.81/8.39 17.56/17.32 7.94/7.58 83.1 (CgHg)
7a 88-89° C17H33N2OPS,Si (404.2) 7.53/7.66 15.54/15.82 6.79/6.92  86.9 (MeCN)
7b  1.5325 100 (0.06) Co7H37N2OPS,Si (528.3) 5.40/5.86 11.92/12.10 4.87/5.30  73.0 (CgHe)
9a 15478 1.0639 100 (0.02) CgH24NPS3Si (301.1) 10.59/10.29 32.10/31.85 9.44/9.29  83.3 (CCly)
9b 1.5483 1.0133 120 (0.02) C11H1gNPS3Si (319.0) 10.10/9.71 30.16/30.06 9.57/8.77  84.1 (CgHg)

aTemperature of thermal element of a falling-film distillation.
5M.p.

TABLE 4 IR Data of the Products Obtained (v, cm™")

3 2980, 2831 v(CH3 as, s; CH» as, s), v[CH3(Si) s]; 1450, 1480, 1379 6(CH3 as); 1254 §[CH3(Si) s]; 1030 v(C—N—C
as); 934 v(C—C); 825 p[CH3(Si)]; 713 v(P=S); 623, 613, 530, 490, 455 v(P—S, S—Si)
7a% 3090, 3070, 3030 v(=C—H, Ar); 2970, 2934, 2881, 2840, 2810 v(CHj5 as, s; CH> as, s), ¥[CH3(Si) s]; 1596, 1498,

1464 v(C=C, Ar); 1440, 1379 6(CHj as); 1257 8[CH3(Si) s]; 1032 »(C—N—C as); 933 (C—C); 838 p[CH3(Si)];
704 »(P=S); 610, 535, 523, 445 1(P—S, S—Si)

7b 3070, 3050, 3010, 3000 (=C—H, Ar); 2970, 2935, 2870, 2840 »(CHs as, s; CH; as, s), v[CH3(Si) s]; 1590, 1495,
1460 1(C=C, Ar); 1430, 1380 §(CHj as); 1260 §[CH3(Si) s]; 1032 (C—N—C as); 940 1(C—C); 838 p[CH3(Si)];
697 v(P=S); 610, 570, 535, 505, 485 1(P—S, S—Si)

9%a 2980, 2935, 2880, 2815 v[CH3(Si) s], »(CHs as, s; CH, as, s); 1455 §(CHz as); 1385 §(CHj as); 1260 5[CH3(Si) sJ;
1025 v(C—N—C as); 855 p[CHg(Si)]; 665 »(P=S); 560, 555, 515 1(P—SC, S—Si)
9b 2965, 2940, 2900, 2875 v[CHs(Si) s], »(CHz as, s; CHj as, s); 1465 §(CHj as); 1383, 1370 §[(CH3)»C gem s];

1255 §[CH3(Si) s]; 1025 (C—N—C as); 855 p[CH3(Si)]; 685 v(P=S); 565, 525 v(P—SC, S—Si)

an vaseline oil.

TABLE 5 'H NMR Data of the Products Obtained (5, J (Hz), in CCly)

32 0.12 (s, 6H, (CH3)»Si); 1.00 (t, 6H, (CH3CH5)sNSi, 3Jpyy =7.0); 1.19 (t, 12H, [(CH3CH5)sN]oP, 8 Jyy =7.0); 2.81 (q,
4H, (CH3CH5)2NSi, 3 Jwy = 7.0); 3.24 (d, g, 8H, [(CH3CH2)oNP, 3 Jyy =7.0, 3 Jpy = 13.0)

7aP  0.03 (s, 6H, (CH3)2Si); 0.97 (t, 6H, (CH3CH2)oNP, 3 Jyy =6.8); 1.24 (t, 6H, (CH3CH»)oNSi, 3 Jpy =6.8); 2.95 (q, 4H,
(CH3CH5)oNSi, 8 Jyy =6.8); 3.14 (d, g, 4H, (CH3CH5)oNP, 3Jpy =6.8, 3Jpy = 12.9); 6.86 (d, d, 2H, 3,5-H2Cg oH
8Jun=9.1,4Jpy=1.5); 7.99 (d, d, 2,6-H>CgHp, 3 Jpy = 9.1, 3Jpy = 13.0)

7b2 113 (t, 6H, (CH3CH5)sNP, 3 Jyy =7.0); 1.24 (t, 6H, (CH3CH,) NS, 3 Jyy =7.0); 3.00 (g, 4H, (CH3CH5)»NSi,
3Jun =7.0,); 3.08 (d, g, 4H, (CH3CH2)oNP, Jyn =7.0, 3 Jpy = 15.0); 6.78 (d, d, 3,5-HoCgHo, 3 Jpyy =9.0,
4 Jpn =3.0); 7.11-7.45 and 7.53-7.92 (m, m, 10H, (CgHs)Si); 8.08 (d, d, 2H, 2,6-H>CgHa, 3 Jun =9.0, 3 Jpy = 13.0)

9a  0.53 (s, 9H, (CH3)3Si); 1.17 (t, 6H, (CH3CH2)oNP, 3 Jpy =7.0); 1.40 (t, 3H, CH3CH,S, 3 Jyy =7.5); 2.95 (d, g, 2H,
CH3CH,SP, 8 Jpy =7.5, 3Jpy = 15.0); 3.36 (d, q, 4H, (CH3CH5)oNP, 3 Jyy =7.0, 3 Jpy = 14.0)

9b  0.56 (s, 9H, (CH3)3Si); 1.06 (t, 6H, (CH3)2CHCH,S, 3y =7.0); 1.17 (t, 6H, (CH3CH)oNP, 3 Jyy =7.0); 2.82 (d, d,
2H, (CH2)2CHCH,SP, 8 Uy =7.0, 3Jpy = 15.0); 3.42 (d, g, 4H, (CH3CH2)oNP, 2 Uy =7.0, 3 Jpy = 14.0)

aln CDCls.
5ln CD4CN.
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TABLE 6 Mass Spectral Data of the Products Obtained; i-C4H1q, m/e(lel, %)

33

3b

7a%
7ab
7b?
7b®
9a?
9ab
9b?
9b®

354 [M — Me]** (1); 297 [M — NEt,]™ (20)

371 [M+2H]* (1); 341 [M+H — Ef]* (2)

404 [M]** (1)

348 [M+2H — 2Et]* (13); 261 [M+H — 2NEt,]* (10)

528 [M]** (3); 496 [M — S ** (2)

459 [M + 3H — NEt,]™ (1); 275 [M + H — Si(NEto)Pho] ™ (2)
301 [M]** (10); 269 [M — S]** (10)

274 [M+2H — Ef]* (22); 241 [M+H — Et — S]* (50)

274 [M — 3Me[** (75), 242 [M — 3Me — S]** (72)

259 [M+H—Et—S]* (10)

aElectron impact, 70 eV.
bChemical ionization, 100 eV.

S-Trimethylsilyl diamidodithiophosphates have
been reported to be rather thermal unstable
substances [9]. They undergo transformations
into bis(diamidothiophosphoryl)sulfides and bis
(trimethylsilyl)sulfide by heating or in prolonged
storing at room temperature. Therefore, it is con-
sidered of interest to study thermal stability of
S-silyl amidotrithiophosphates 9 containing the
RS(R,N)P(S)S—Si structural fragment by differ-
ential thermal analysis. It was found that 9a
starts to decompose at 99°C. Nevertheless, we
have shown that 9a have partially been decom-
posed even at room temperature for 6 months
to form crystalline 2,4-bis(diethylamido)-1,3,2,4-
dithiadiphosphetane-2,4-disulfide 10 (reaction 4).
Trimethyl(ethylthio)silane 11 was also obtained in
reaction 4. The physical and spectral data of 10 were
identical with literature ones [4].

S
I S-SiMe, 1%
EtS-PN Et —— ELN-PJ s |||3'NEt2
2 - EtS-SiMe, S 4)
9a 10

1

It should be noted that 1,3,2,4-
dithiadiphosphetane-2,4-disulfides containing the
dialkylamido groups on the phosphorus atom
have remained little known. Thus, the first rep-
resentative of these compounds, namely 2,4-
bis(dimethylamido)-1,3,2,4-dithiadiphosphetane-
2,4-disulfide 12, was earlier obtained by the reaction
of tetraphosphorus trisulfide (P,S;) with thio-
bis(diethylamine) [10]. The crystal and molecular
structure of 12 was previously studied [10]. It
was interest to elucidate how the length of alkyl
substituents on the nitrogen atom affect on the
structural parameters of 2,4-bis(dialkylamido)-
1,3,2,4-dithiadiphosphetane-2,4-disulfides. That is
why we decided to study the molecular and crystal
structure of 10 by X-ray single crystal diffraction

Heteroatom Chemistry DOl 10.1002/hc

(Table 7, Fig. 1). It was found that 10 was crystallized
in trans-configuration. The comparative P—S and
P=S bond lengths and S—P—S and P—S—P bond
angles of 10 and its dimethylamido analogue 12
are listed in Table 7. Inspection of Table 7 proves
that when the Me,N-group was exchanged with
the Et,N-group, the P—S and P=S bond distances
were decreased from 2.122(1) to 2.1081(12) A (P-S)
and from 1.926(1) to 1.9207(11) A (P=S). It is
noteworthy that the S—P—S bond angle is decreased
(from 93.14(3) to 92.76(3)°) while the P—S—P bond
angle is increased (from 86.86(3) to 87.24(3)°). Thus,
when the size of alkyl substituents on the nitrogen
atom is increased, the endocyclic angles magnitudes
of dithiadiphosphetane ring posses a tendency
to equalize. It seems to lead to the increasing

2

TABLE 7 Selected Bond Lengths (A) and Bond Angles (°)
10 122

86.86(3)

93.14(3)

ZZ00000NZNVZ2Z2ZTV 00ZZTTUVLWYV

o

aData from [1

1
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FIGURE 1

Molecular structure of 10.

of torsion strain of plane four-member ring of
2,4-bis(dialkylamido)-1,3,2,4-dithiadiphosphetane-
2,4-disulfides.

EXPERIMENTAL
General Data

The 3'P NMR spectra were recorded with a Bruker
CXP-100 (36.47 MHz) instrument in CCl,, C¢Hq,
and MeCN with 85% H;PO, as an external refer-
ence. The 'H NMR spectra were taken on a Bruker
WM-250 (250 MHz) spectrometer and a Varian T-60
(60 MHz) spectrometer in CCl;, CDCl;, or CD;CN
with (Me;Si),O as an internal reference. The IR
spectra were obtained in KBr pellets with a Bruker
Vector-22 infrared spectrophotometer. Mass spectra
(EI, 70 eV; CI, 100 eV) were determined on an M 80
B Hitachi chromatomass spectrometer. Differential
thermal analyses were performed on a Setaram ther-
moanalyzer TG, DTG, DTA equipped with nonserial
heating furnace employing the DTA rate.

X-ray Crystallography

Cell parameters and intensities of 1763 independent
reflections (1521 with 7 > 2 o) of crystal of 10 were
measured on an Enraf-Nonius CAD-4 four-circle
diffractometer at —129°C with graphite monochro-
matized Mo Ka radiation, A = 0.71073 A, employing
the w/20 technique, ® < 26.26°. Data were corrected
for the absorption effect (WMo 8.12 cm™!). The struc-
ture was solved by a direct method using the SIR pro-
gram [11] and refined by the full-matrix least-squares
using SHELXL97 program [12]. All non-hydrogen
atoms were refined anisotropically. The hydrogen
atoms were included in calculated position with ther-
mal parameters 30% larger than the atom to which
they attached. The final residuals were R=0.048,

R, =0.083 for 1212 reflections with F? > 20([). Crys-
tal data for 10: C;;H;N,P,S,; monoclinic, space
group P2,/n, a=7.9402) A, b = 12.435(4) A,
c=7.970(3) A, B=100.40(2)°, V = 774.0(4) A3, d_y. =
1.68 g/cm?®, Z=2. All calculations were performed
using WinGX program [13]. Cell parameters, data
collection, and data reduction were performed on
Alpha Station 200 computer using MoLEN pro-
gram [14]. All figures were made using the pro-
gram PLATON [15]. (CCDC 254401 contains the
supplementary crystallographic data for this pa-
per. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html or from
the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK, fax: +44
1223336033; or e-mail: deposit@ccdc.cam.ac.uk)

S-(Diethylamino)dimethylsilyl bis(diethylamido)-
dithiophosphate 3. Compound 1 (4.2 g, 9.5 mmol)
was added portionwise under dry argon with stir-
ring at 20°C to the solution of 15.4 g (76.1 mmol) of
2ain 10 mL of anhydrous CH,Cl,. The mixture was
refluxed for 2.5 h and then filtered. The filtrate was
evaporated at reduced pressure (0.5 and 0.06 mmHg)
at 40°C for 3.5 h. The residue was stored at ~20°C for
2 days. The precipitate formed was filtered off. Prod-
uct 3 (5.6 g, 40%) was isolated from the filtrate by
means of a falling-film distillation (see Tables 2-6).

S-(Diethylamino)dimethylsilyl 4-methoxyphenyl-
(diethylamido)dithiophosphonate 7a. Compound 7a
(3.5 g, 8.7 mmol) was added portionwise under dry
argon with stirring at 20°C to the solution of 3.5 g
(17.3 mmol) of 2a in 10 mL of anhydrous CH,Cl,,
and stirring was continued for 2 h at 20°C. The mix-
ture was filtered. The filtrate was evaporated under
vacuum (0.5 and 0.07 mmHg) at 40°C for 2 h. The
residue was stored at ~20°C for 1 week. The crys-
talline precipitate of 7a was isolated from the liquid
residue by filtration in three portions with overall
yield of 3.4 g (49%) (see Tables 2-6).

S-Trimethylsilyl S-Ethyl(diethylamido)trithio-
phosphate 9a. Compound 8a (22.2 g, 71.6 mmol)
was added portionwise under dry argon with stirring
at 20°C to the solution of 20.8 g (143.3 mmol) of
6, and stirring was continued for 9 h at 50°C. The
mixture was filtered. The filtrate was evaporated at
reduced pressure (0.1 and 0.02 mmHg) at 40-50°C
for 2 h. Product 9a (21.3 g, 49%) was isolated from
the residue by means of a falling-film distillation (see
Tables 2-6).

The products 7b and 9b were obtained in a sim-
ilar manner (see Tables 2-6).

Heteroatom Chemistry DOl 10.1002/hc
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2,4-Bis(diethylamido)-1,3,2,4-dithiadiphosphetane-
2,4-disulfide 10. Compound 9a (7.0 g, 23.2 mmol)
was stored in a sealed ampoule at ~20°C for 6
months. The crystalline precipitate of 10 (1.2 g,
31%) that was formed was filtered, washed with
anhydrous CH,Cl,, and dried under vacuum (0.02
mmHg) at 40°C for 2 h with the use of a trap
cooled by liquid nitrogen, m.p. 143°C (cf. [4]: m.p.
143-145°C). Distillation of the contents of the liquid
nitrogen trap gave 11 (1.0 g, 32%), b.p. 128-130°C,
n¥ =1.4509 (cf. [16]: b.p. 130°C, n2’ =1.4512).
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