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exhibiting an a(**Nb) value of ca. 103-106 G. These data agree
with those of the intermediate species observed by method A and
were thus attributed to 4. Like methods A and B, this route did
not lead to isolable 4.
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The thio and seleno derivatives of the tricoordinate phosphorane P[N*Bu(SiMeg)(N'Bu)E 1 (E = S,

Se) undergo a novel cyclization upon reaction with Lewis acids. A number of derivatives of the NSiEP
framework have been isolated and characterized, including X-ray crystal structures of three derivatives,

the neutral complexes N‘BuSiMe,SP(Me)N*Bu-AlCl; (2a) and N*BuSiMe,SeP(Me)N*Bu-GaCl, (3), and

the triflate salt of the protonated complex [N*BuSiMe,SP(Me)NtBu-H*] (2¢). The new compounds are
rare examples of ring systems which contain only one atom of each element in the heterocyclic framework,
systems for which we introduce the terminology “genuine heterocycles”. A similar cyclization process is
observed for the new thiophosphoryl chloride P[N(SiMe,),],(S)Cl (4) in the presence of chloride ion acceptors

to give salts of the cation [N(SiMe;)SiMe,SP(Me)N(SiMe,),]* (5), a direct analog of genuine heterocycles
2. Two salts of § have been structurally characterized. Both cyclization reactions have been examined
by variable-temperature 3P and 'H NMR spectroscopy, and speculations are made as to the nature of

the observed intermediates. The NSiSP(N) genuine heterocyclic unit is shown to be thermodynamically
unstable with respect to the isomeric NSiNP(S) 1,3-diazasilaphosphetidine framework 6. The isomerization

process is initiated by reaction with a base and can also be promoted thermally for salts of 5.

Introduction

We have recently introduced the term “genuine
heterocycles™ to describe ring systems which contain only
one atom of each element in the cyclic skeleton and to
distinguish them from multielement heterocycles which
are derivatives of a homocyclic, or heterocatenate form.2®
Considering the 12 elements most commonly observed in
cyclic environments (B, C, N, O, Al, Si, P, S, Ga, Ge, As,
Se), one can envisage as many as 220 different three-
membered genuine heterocycles and 1485 possible four-
membered systems.® Interestingly, fewer than 40 exam-
ples of genuine heterocyclic frameworks (containing these
elements) have been isolated and spectroscopically iden-
tified,”!! and only 10 examples have been characterized

t Author for correspondence regarding chemistry.
* Author for correspondence regarding crystallography.

by X-ray crystallography.!®!2 Most recently, the first
example of a five-membered genuine heterocycle con-

(1) Preliminary communication: Burford, N.; Spence, R. E. v. H;
Whalen, J. M.; Rogers, R. D.; Richardson, J. F. Organometallics 1990, 9,
2854,

(2) See, for example: Gilchrist, T. L. Heterocyclic Chemistry; Pitman
Publishing: London, 1985. Katritzky, A. R. Handbook of Heterocyclic
Chemistry; Pergamon Press: Oxford, U.K,, 1985.

(3) See, for example; Haiduc, I.; Sowerby, D. B. The Chemistry of
Inorganic Homo- and Heterocycles; Academic Press: New York, 1987;
Vol. 1 and 2.

(4) See also, for example: Woollins, J. D. Non-Metal Rings, Cages and
Clusters; Wiley: Chichester, UK., 1988. Power, P. P. Angew. Chem., Int.
Ed. Engl. 1990, 29, 449. Power, P. P. J. Organomet. Chem. 1990, 400,
49. Cowley, A. H.,; Jones, R. A. Angew. Chem., Int, Ed. Engl. 1989, 28,
1209.

(5) See, for example: Rings, Clusters, and Polymers of Main Group
and Transition Elements; Roesky, H. W., Ed.; Elsevier: Amsterdam,
1989.

(6) n!/2m(n — m)!, where n is the number of different elements (12)
and m is the number of atoms in the ring (3 or 4).
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taining lithium and chlorine was reported.!?

Here we illustrate the versatility of the acid-induced
cyclization of (silylamino)(imino)(chalcogeno)phosphoranes
1, with the synthesis and isolation of the first examples
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3 (E=Se, A=GaCly)

()] B'E-I‘\I and B'_CS_lN Tapper, A.; Schmitz, T.; Paetzold, P. Chem.
Ber. 1989, 122, 595, Bﬁ’: Streubel, R.; Niecke, E.; Paetzold, P. Chem.
Ber. 1991, 124, 765. CNP: Burger, K.; Fehn, J.; Thenn, W. Angeuw.
Chem., Int. Ed. Engl. 1978, 12, 502. ("J—JP: Roschenthaler, G.-V.;

Sauerbrey, K.; Schmutzler, R. Chem. Ber. 1978, 111, 3105. CNS: Johar,
J. S.; Dresdner, R. D. Inorg. Chem. 1968, 7, 683. Quast, H.; Kees, F.
Angew. Chem., Int. Ed. Engl. 1974, 13, 742. Quast, H.; Kees, F. Chem.
Ber. 1981, 114, 774. Hartke, K.; Akguen, E. Chem.-Ztg. 1980, 104, 177.

C'B‘S: Senning, A. Sulfur Lett. 1986, 4, 213. C'?‘S: Boyd, B. A.; Thoma,

R. J.; Neilson, R. H. Tetrahedron Lett. 1987, 28, 6121. CPE (E = 8, Se):
Appel, R.; Casser, C. Chem. Ber. 1985, 118, 3419. Niecke, E.; Symalla,

E. Chimia 1985, 39, 320. (Sg(‘}e: Ando. W.; Tsumuraya, T. Organo-
metallics 1989, 8, 1467. PSAs: Escudie, J.; Couret, C.; Ranaivonjatovo,
H.; Wolf, J.-G. Tetrahedron Lett. 1988, 24, 3625. SiPTe: Smit, C.;

Bickelhaupt, F. Organometallics 1987, 6, 1156. 1'-"S_'nSe: Escudie, J.;
Couret, C.; Raharinirina, A.; Satge, J. New J. Chem. 1987, 11, 621.

CNOP: Duff, E.; Trippett, S.; Whittle, P. J. Chem. Soc., Perkin Trans.
11973, 972. Latscha, H. P.; Hormuth, P. B. Z. Anorg. Allg. Chem. 1968,

359, 78. ('K()—(‘}e: Riviere, P.; Satge, J.; Castel, A.; Cazes, A. J. Organo-
met. Chem. 1979, 177, 171. BNPO: Gudat, D.; Niecke, E.; Nieger, M.;
Paetzold, P. Chem. Ber. 1988, 121, 565. BF_I\-IF‘S: Fest, D.; Habben, C.D.;
Meller, A. Chem. Ber. 1989, 122, 861. BNPE (E = S, Se): Kolle, P.; Noth,

H.; Paine, R. T. Chem. Ber. 1989, 122, 419. CNPO (and COP): Niecke,
E.; Gudat, D.; Schoeller, W. W.; Rademacher, P. J. Chem. Soc., Chem.

Commun. 1986, 1050. CNPS: Jorgensen, K. A.; Shabana, R.; Scheibye,
S.; Lawesson, S. O. JARC Sci. Publ. 1980, No. 31, 129. CNSO: Tesky,

P. M,; Mews, R. Z. Anorg. Allg. Chem. 1984, 518, 197. CSiNP: DuBois,
D. A,; Neilson, R. H. Inorg. Chem. 1989, 28, 899.
(pr—

(8) CSiNP: Scherer, O. J.; Kerth, J.; Balbach, B. K.; Ziegler, M. L.
Angew. Chem., Int. Ed. Engl. 1982, 21, 136.

(9) NAIEP (E = S, Se): Romanenko, V. D.; Shul'gin, V. F.; Brusilo-
vets, A. L; Skopenko, V. V.; Markovskii, L. N. J. Gen. Chem. USSR 1983,
211.

(10) I"-E(‘}e (E = §, Se): Andrianarison, M.; Couret, C.; Declercq, J.-P.;
Dubourg, A.; Escudie, J.; Ranaivonjatovo, H.; Satge, J. Organometallics
1988, 7, 1545.

(11) BNCE (E = O, S, Se): Maenning, D.; Narula, C. K.: Noth, H.;
Wietelmann, U. Chem. Ber. 1985, 118, 3748.

(12) (SE(‘): Bocelli, G.; Sgarabotto, P.; Ugozzoli, F. Acta Crystallogr.
1988, C44, 1033, and references therein. CNSi: Brook, A. G.; Kong, Y.

K.; Saxena, A. K.; Sawyer, J. F. Organometallics 1988, 7, 2245, éE‘P
Schaefer, A.; Weidenbruch, M.; Saak, W.; Pohl, S. Angew. Chem., Int.

Ed. Engl. 1987, 26, 776. CPS: Caira, M.; Neilson, R. H.; Watson, W. H.;
Wisian-Neilson, P.; Xie-Z.-M. J. Chem. Soc., Chem. Commun. 1984, 698.

('DF‘Ge: Cowley, A. H.; Hall, S. W.; Nunn, C. M.; Power, J. M. J. Chem.
Soc., Chem. Commun. 1988, 7563. PSAs: Di Vaira, M.; Stoppioni, P.;
Peruzzini, M. J. Organomet. Chem. 1989, 364, 399. CNPS: Fulde, M.;
Ried, W.; Bats, J. W. Helv. Chim. Acta 1989, 72, 139. NAISP: Roman-
enko, V. D.; Shul’gin, V. F.; Skopenko, V. V.; Chernega, A. N.; Antipin,
M. Y,; Strchkov, Y. T.; Boldeskul, I. E.; Markovskii, L. N. /. Gen. Chem.
USSR 1985, 246.

(13) Karsch, H. H.; Zellner, K.; Muller, G. J. Chem. Soc., Chem.
Commun. 1991, 466.
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of NiSiSP (2a'-c) and NSiSeP (3) genuine heterocycles.
The generality of the cyclization reaction is demonstrated
by formation of the same heterocyclic framework from an
alternative starting material, bis[bis(trimethylsilyl)-
amino]thiophosphoryl chloride (4), in the form of the

+
SIiMea
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cation 5. The cyclization process is examined by varia-
ble-temperature *'P and !H NMR spectroscopy in some
detail. In addition, the new heterocyclic frameworks are
found to be thermodynamically unstable with respect to
the more familiar 1,3-diazaphosphetidine (6).

R
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Me;Si\N/iMe
|
R

6 R ='Bu, SiMe;
E=S, Se

Experimental Section

General Procedures. 1,1,1,3,3,3-Hexamethyldisilazane,
thiophosphoryl chloride, n-butyilithium (1.6 M hexane solution),
tri-n-butylphosphine oxide and triphenylphosphine oxide were
obtained commercially (Aldrich) and used without purification.
Trifluoromethanesulfonic acid (Aldrich) was distilled, and alu-
minum chloride and gallium chloride (Aldrich) were sublimed
under vacuum before use. tert-Butyltrimethylsilylamine,
[(trimethylsilyl)(tert-butyl)aminol(tert-butylimino)(thio)-
phosphorane,'® and -(seleno)phosphorane'® were prepared by
literature procedures. Methylene chloride and hexane were dried
over P,0; and CaH; and stored in evacuated bulbs. Anhydrous
ether (99%) was obtained from Aldrich and used without further
purification. Deuteriochloroform was dried over P,;O;. Solids
were manipulated in a Vacuum/Atmospheres nitrogen-filled
glovebox. Glass equipment was flame dried before use. Reactions
were performed in an evacuated (107 Torr) dual-compartment
vessel,!” unless otherwise indicated. Melting points were recorded
on a Fisher-Johns apparatus and are uncorrected. Elemental
analyses were performed by Beller Laboratories, Gottingen,
Germany. IR spectra were recorded as Nujol mulls on CsI plates
using a Perkin-Elmer 283B spectrophotometer. NMR spectra
were recorded on a Nicolet NT-360 spectrometer in 5- or 10-mm
flame-sealed Pyrex tubes. Chemical shifts are reported in ppm
relative to external 85% H3PO, for 3'P{'H} and relative to the
internal solvent signal for 'H and 3C. The NMR data are
presented in Table I.

Isolation of N*BuSiMe,SP(Me)N'Bu-AlCl, (2a). A solu-
tion of P[N*Bu(SiMe,)](N'Bu)S (1a; 1.47 g, 5.28 mmol) in CH,Cl,
(26 g) was added to AICl; (0.70 g, 5.3 mmol). The AlC); dissolved
within minutes to give a clear solution. Slow solvent removal
under vacuum resulted in the precipitation of a white crystalline
solid. The supernatant liquid was decanted, and the solid was
washed by local cooling back-distillation and was characterized
as 2,2-dimethyl-3-tert-butyl-4-methyl-4-(tert-butylimino)-cyclo-
thiasilazaphosphetidine-trichloroaluminum complez, C,;HpAl-

(14) Scherer, O. J.; Anselmann, R. Inorg. Synth. 1989, 25, 8.

(15) Scherer, O. J.; Kuhn, N. Angew. Chem., Int. Ed. Engl. 1974, 13,
811.

(16) Scherer, O. J.; Kuhn, N. J. Organomet. Chem. 1974, 78, C17.

(17) A modification of the H-tube reaction vessel described by:
Wayda, A. L.; Dye, J. L. J. Chem. Educ. 1985, 62, 356.
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Table 1. 'H, '*C, and *'P NMR Data®

BC H
compd aup NtBu? SiMe, PMe NtBu? SiMe, PMe
2a 49 60.7, 32.5 (7) 5.5 31.6 (83) 1.80 0.78 2.87 (14)
58.5, 31.8 (6) 5.3 1.45 0.77
2b 49 e 1.76 0.82 2.83 (14)
145 0.79
2¢° 45 59.1, 31.7 5.5 24.3 (82) 143 0.84 2.30 (15)
56.2, 38.6 5.4 1.39 0.82
3 34 61.4 (7), 32.1 (7) 6.5 31.6 (76) 1.80 0.80 2.86 (14)
60.6 (6), 31.9 (6) 6.0 1.45 0.77
8¢ H
compd ap NSiMeg N(SiMe;), SiMe, PMe NSiMe, N(SiMe;), SiMe, PMe
5¢ 56 17 5.3 6.0 31.2 (80) 0.39 0.56 0.91 2.57 (13)
5.7 0.94
6-GaCly 74 1.1 4.2 29.1 (72) 0.3 0.68 2.40 (14)
4.0 0.56

 Chemical shifts in ppm, coupling constants, in parentheses, in hertz. ®Not possible to conclusively assign !3C and 'H signals to the two
types of '‘Bu. ¢H-N'Bu: !H, 6.02 (18); CF380; ¥C, 120.3 (}Jcr = 320 Hz). ?AICl, and GaCl, salts give identical data. ¢Not recorded.

“JPSe = 319.

CLN,PSSi. Yield: 0.95 g, 2.3 mmol, 44%. Mp: 174-176 °C. Anal.
Caled: C, 32.08; H, 6.61; N, 6.80; S, 7.79; Cl, 25.83; P, 7.52; Al,
6.55. Found: C, 82.29; H, 6.62; N, 6.81; S, 7.80; Cl, 25.76; P, 7.46;
Al, 6.65. IR: 1260 m, 1225 w, 1190 m, 1170 w, 1070 s, 1045 m,
995 s, 935 m, 905 m, 880 m, 845 m, 820 w, 805 m, 775 m, 685 m,
585 m, 570 w, 525 w, 480 s, 430 m, 410 s cm™’.

Isolation of [N*BuSiMe,SP(Me)N'Bu-H] (2¢) (SO,CF;).
A suspension of triflic acid (0.94 g, 6.3 mmol) in CH,Cl, (6 g) was
added over a 5-min period to a solution of P[N*Bu(SiMez)](N*Bu)S
(1a; 1.69 g, 6.07 mmol) in CH,Cl, (14 g). After shaking for 10 min,
hexane (5 mL) was introduced and the solvent was slowly removed
from the mixed-solvent system under vacuum. A white solid
precipitated and was recrystallized from the warm residual solvent
to give block-shaped white crystals of 2,2-dimethyl-3-tert-bu-
tyl-4-methyl-4-(tert-butylamino)-cyclo-thiasilazaphosphetidinium
triflate, C;oHgFaN,O3PS,Si. Yield 0.41 g, 0.95 mmol, 16%. Mp:
130 °C. An additional 1.26 g of crystalline material was obtained
from the residual reaction mixture for a total yield of 1.67 g, 63%.
Anal. Caled: C, 33.63; H, 6.59; N, 6.54; P, 7.28; S, 14.96. Found:
C, 33.91; H, 6.57; N, 6.59; P, 7.00; S, 14.99. IR: 3170s, 1250 br,
1155, 1095, 1055, 1025, 940, 925, 910, 830 w, 850 m, 800 s, 770 w,
760 w, 685 m, 630 8, 590 w, 570 w, 515 s, 485 w, 445 m, 415 m cm™.

Isolation of N*BuSiMe,SeP(Me)N'*Bu-GaCl; (3). A solu-
tion of P[N*Bu(SiMe,)1(N*Bu)Se (1b; 0.69 g, 2.1 mmol) in CH,Cl,
(23 g) was added to a solution of GaCl, (0.35 g, 2.1 mmol; CH,Cl,,
16 g). A small amount of hexane (3 g) was introduced, and slow
evaporation under vacuum gave a colorless crystalline solid which
was washed by local cooling back-distillation and was characterized
as 2,2-dimethyl-3-tert-butyl-4-methyl-4-(tert-butylimino)-cyclo-
selenasilazaphosphetidine-trichlorogallium complex, C,,HyCls-
GaN,PSeSi. Yield: 0.17 g, 0.34 mmol, 16%. Mp: 178-180 °C.
Anal. Caled: C, 26.35; H, 5.43; N, 5.49. Found: C, 26.23; H, 5.32;
N, 5.65. IR: 1305 m, 1265 m, 1090 m, 1175 m, 1075 m, 1065 s,
1030 m, 1000 m, 940 m, 910 m, 765 m, 685 m, 575 m, 500 m, 370
8, 350 s cm™L.

NMR Studies of Reactions of P[N'*Bu(SiMe,)J(N'Bu)S.
(a) Equimolar reaction mixtures of la with AICl;, GaCl;, or
HSO0,CF; and 1b with GaCl; were prepared in a manner similar
to those described above and examined by 'H and 3'P NMR
spectroscopy, which showed the complexes 2a-c¢ and 3 as the
principal components (>90%) in each case.

(b) Reaction mixtures were prepared in NMR tubes by adding
solutions of la or 1b to the acid at =196 °C and were then
monitored by 3P and 'H NMR spectroscopy between —80 and
+20 °C. The starting material 1a (*'P NMR: 142 ppm)!® was
observed as the only species in solution at =90 °C in all cases ('P
NMR for 1b: 118 ppm).1¢

A = AICl,. 3P signals at 177 and 53 ppm were observed prior
to the signal corresponding to 2a (49 ppm). The 'H NMR
spectrum of the reaction mixture showing three components, the
starting material, the product, and the intermediate (*!P NMR:
53 ppm), is presented in Figure 5 and illustrates the presence of

P-Me substitution in the intermediate: 6 0.91 (SiMe,), 0.95
(SiMe,), 1.40 (*Bu), 1.74 (*Bu), 2.54 ppm (3Jpy = 14 Hz). Below
0 °C an additional small signal is observed at 0.6 ppm (SiMe;).

A = GaCl,. A single intermediate was observed in the P NMR
spectra at 61 ppm from 1a (49 ppm from 1b) prior to the signal
corresponding to 2b (49 ppm) (3, 34 ppm). 'H NMR spectrum
of the intermediate responsible for the signal at 61 ppm: 6 0.82
(SiMe,), 0.95 (SiMey), 1.80 (*Bu), 1.67 (*Bu), 2.50 ppm (?Jpy =
14 Hz).

A = H* (SO,CF;). Several (>10) signals were observed by
81p NMR spectroscopy during the reaction prior to the formation
of 2¢ (SO;CF3) (45 ppm).

Isolation of P[N(SiMe;),),(S)Cl (4).1* "BuLi (1.6 M, 78 mL,
125 mmol) was added dropwise to a stirred solution of (Me;Si),NH
(20 g, 124 mmol) in Et,0 (100 mL), and the mixture was set to
reflux for 30 min. After cooling to -10 °C, a solution of PSCl;
(10.5 g, 61.9 mmo)) in Et,O (50 mL) was added rapidly, dropwise.
The solution was stirred overnight and filtered through Celite,
and the volatiles were then removed under vacuum. Vacuum
distillation (short path, bath temperature 120-160 °C) of the
resulting orange oil gave a colorless clear liquid, which was
characterized as bis[bis(trimethylsilyl)amino]thiophosphoryl
chloride, C;;H3CIN,PSSi,. Yield: 10.31 g, 24.6 mmol, 40%. Bp:
90-96 °C (<1 mmHg). Anal. Caled: C, 34.40; H, 8.59; N, 6.68;
S, 7.65. Found: C, 35.26; H, 8.81; N, 6.74; S, 7.35. (N.B. This
compound is thermally unstable.) IR (neat liquid): 1255 s, 925
8, 900 s, br, 760 s, 685 s, 645 m, 620 m, 490 m, 435 s, 375 w, 365
m, 320 w, 270 m cm™. 3C NMR: 3.8, 2.7 ppm; 'H NMR: 0.35
(doublet, 18 H, 4Jyp = 15 Hz), 0.23 ppm (18 H). 3P NMR: 205
ppm. Mass spectrum: m/e 418 (3%, M**), 226 (100%, [N-
(SiMe;),]PCI*Y), 118 (26%, N(SiMey)P*).

Isolation of [N(SiMe;)SiMe,SP(Me)N(SiMe;),] (5)
(MCl,) (M = Al, Ga). A solution of P[(N(SiMe;),]5(S)C1 (4) M
= Al, 1.43 g, 3.41 mmol; M = Ga, 1.57 g, 3.75 mmol) in CH,Cl,
(M = Al, 38 ¢; E = Ga, 11 g) was added to solid MCl; (M = Al,
0.46 g, 3.4 mmol; M = Ga, 0.66 g, 3.8 mmol). Immediate reaction
gave an intense purple solution which became pale yellow/orange
on stirring overnight. Some of the solvent was removed under
vacuum and hexane (3 mL) was introduced. Clear block-shaped
crystals were obtained on cooling to —10 °C and were characterized
as 2,2-dimethyl-3-(trimethylsilyl)-4-methylbis[(trimethylsilyl)-
amino]-cyclo-thiasilazaphosphetidinium tetrachloroaluminate
(-gallate). Aluminate complex, C,;,H3AICLN,PSSi,. Yield: 0.37
g, 0.68 mmol, 20%. Mp: 129 °C. Anal. Caled: C, 25.71; H, 6.65;
N, 5.42; P, 5.89; S, 6.05. Found: C, 26.10; H, 6.52; N, 5.07; P,
5.61; S, 5.81. IR: 1275 m, 1260 s, 1025 s, 995 s, 920 m, 895 m,
840 8, 795 s, 690 w, 675 w, 640 w, 630 w, 560 m, 480 s, 400 m, 360
wcm™, Gallate complex, C,,HyGaCl,N,PSSi,. Yield: 0.88g,

(18) A modification of a procedure described by: Kling, L., III; Col-
burn, C. B; Hill, W. E. J. Inorg. Nucl. Chem., Suppl. 1976, 5.
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1.48 mmol, 39%. Chemical analysis not obtained. Mp: 130 °C.
IR: 1275 m, 1260 s, 1025 s, 995 s, 920 m, 900 m, 840 s, 795 s, 690
w, 675 w, 645 w, 635 w, 560 m, 460 m, 410 m, 375 s, 360 w cm™..

Isolation of N(SiMe;)SiMe,N(SiMe,;)P(Me)S-GaCl, (6.
GaCly). A solution of GaCl; (0.45 g, 2.5 mmol) in CH,Cl, (21 g)
was added dropwise over 3-5 h to a stirred solution of P[N-
(SiMey),]o(S)CI (4; 1.06 g, 2.53 mmol) in CH,Cl, (4 g). The reaction
mixture was then heated to 80 °C for 30 h to give an orange
solution. A portion (21 g) of the solvent was removed, and hexane
(2 g) was added. Large clear crystals were obtained on cooling
to -10 °C and were characterized as 1,3-bis(trimethylsilyl)-2,2-
dimethyl-4-thiodiazasilaphosphetidine-S-trichlorogallium, Cg-
Hy,Cl;GaN,PSSi;. Yield: 0.27 g, 0.54 mmol, 21%. Mp: 147-148
°C. Anal. Caled: C, 22.21; H, 5.59; N, 5.76. Found: C, 21.19;
H,5.27; N, 5.77. IR: 1300 m, 1260 s, 1125 m, 1035 s, 915 w, 890
w, 840 s, 805 w, 760 w, 690 w, 635 m, 565 s, 460 s, 425 m, 380 s,
360 8, 325 m ecm™L.

NMR Studies of Reaction Mixtures of P[N(SiMe;),]12(S)Cl1
(4). (a) Solutions of 4 were added at different rates to equimolar
quantities of MCl; (M = Al, Ga), and the reaction mixtures
consistently showed 3'P NMR signals at 56 (compound §) and
74 ppm (compound 6-MCl;) with an integration ratio of ap-
proximately 4:1, respectively. The corresponding compounds have
been isolated as described above. Similar spectra were obtained
with up to 3 times excess MCl,.

(b) Equimolar reaction mixtures were prepared in NMR tubes
by adding solutions of 4 to GaCl; at =196 °C and were then
monitored by 3P and *H NMR spectroscopy between —90 and
+20 °C. The starting material 4 was observed at 205 ppm at -90
°C by *'P NMR together with a signal at 206 ppm. Three further
intermediate signals were observed in order at 73, 61, and 177
ppm before observation of the signals corresponding to the
product. A variable-temperature :H NMR study of the reaction
mixture shows two integral equivalent signals for each of the
initially formed intermediates of similar chemical shift (0.1-0.7
ppm), and then at ~30 °C the spectrum contains a single signal
at 0.6 ppm only (all signals are assigned to SiMe;). There is no
evidence of P-Me substitution until the signals for the products
appear.

NMR Studies of the Isomerism of 2 and 5. (a) Solutions
of 2a or 3 in CH,Cl, were added to solutions of R;PO (R = Ph
or "Bu) in an NMR tube at -196 °C, and the reaction mixtures
were monitored between —90 and 20 °C by 3P NMR spectroscopy.
In addition to the signals expected for (PhzP0),AlCl; or
(*BuyP0),AIC), ! a signal was observed at 74 ppm and is assigned
to the phosphetidine 6. A signal at -7 ppm was observed prior
to the formation of the product.

(b) Solutions of [N(SiMe,)SiMe,SP(Me)N(SiMe,),]* (5)
(AIC];” and GaCly") in CH,Cl, warmed to 80 °C for 1 week ex-

hibited *'P NMR signals at 74 ppm (>90%), assigned to N-
(SiMea)SiMezN(SiMea)l"(Me)S-MCla (6-MCl;) and 72 ppm, ten-
tatively assigned to the corresponding salts of N(SiMe;)-
SiMe,N(SiMes)P(Me)[SCH,Cl]*.20

(c) Solutions of [N(SiMe;)SiMe,SP(Me)N(SiMe;);] (5)
(MCl,) (M = Al, Ga) were prepared in situ (as described above)
and the solutions added to equimolar solutions of Phy,PO (CH,Cl,).
Signals were observed in the $'P NMR spectrum for Ph;PO-AICly),

N(SiMe,)SiMe,N(SiMez)P(Me)S (6) (R = SiMegy, E = S) (74
ppm), as well as an unknown signal at 60 ppm (relative intensity,
5%).

X-ray Data Collection, Solution, and Refinement. Suitable
crystals of 2a, 2¢ (SO;CF), 3, 5 (AICL),% 6 (GaCl,), and 6-GaCl;
were obtained as described in the text and mounted in thin-walled
Pyrex capillaries under N,. Enraf-Nonius CAD-4 diffractometers
(Mo Ka, A = 0.7093 A, graphite monochromator) were used to

Burford et al.

C(11)

C(3)

Figure 1. Crystallographic view of the cationic unit of 2¢ (S-
0;CF;).

Figure 2. Crystallographic view of 3.

determine the cell dimensions and to collect the data. Unit cell
parameters were obtained from the setting angles of 25 accurately
centered reflections. The unit cells and space groups were con-
firmed by the program TRACER® and the successful solution and
refinement of the structures. The presence of two molecules in
the asymmetric unit for 2¢"(SO,CF;) was also verified by pho-
tographic study, significant differences in torsion angles in the
*BuN groups, and the difference in disorder patterns for the triflate
anions. All pertinent crystallographic data are summarized in
Table Il. Data were collected at room temperature using an w/24
technique (width 0.80 + 0.35 tan 6). The stability of the crystals
were monitored every 60 min using three standard reflections;
no significant decay was observed. Data were corrected for Lorentz
and polarization effects, and an empirical absorption correction
was applied based on a series of ¢ scans or the program DIFABS.®
Scattering factors?* were corrected for anomalous dispersion.?

(19) Burford, N.; Royan, B. W.; Spence, R. E. v. H.; Cameron, T. S.;
Linden, A.; Rogers, R. D. J. Chem. Soc., Dalton Trans. 1990, 1521.
Burford, N.; Mason, S., unpublished results.

(20) Burford, N.; Spence, R. E. v. H,; Rogers, R. D. J. Chem. Soc.,
Dalton Trans. 1990, 3611,

(21) The structure of the AICL" salt is disordered, but the features are
essentially identical to those of the GaCl,™ salt.

(22) Lawson, S. L.; Jacobsen, R. A. Ames Laboratory Report IS-1141.
USABC, lowa State University: Ames, IA, 1965.

(23) Walker, N.; Stuart, D. Acta Crystallogr. 1983, A39, 159,

(24) Cromer, D. T.; Waber, J. T. International Tables for X-ray
Crystallography; Kynoch Press: Birmingham, England, 1974; Vol. IV,
Table 2.2B. (Present distributor: Kluwer Academic Publishers, Dor-
drecht and Boston.)
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Table II. Crystal Data Collection® and Refinement Parameters

2a 2¢ (SO,CF;) 3 5 (GaCl,) 6-GaCl,
formula CnHmAlClaNzPSSl ClgHngsNgOsPSgSi CuHmClaGasteSi CuHasChG&NzPSSh CgHz']ClsGaNgPSSia
MW 411.8 428.55 501.45 595.35 486.70
space group P2,2, 2 Pi Pna2, P2,2,2, P2,/n
a, 10.640 (2) 13.206 (3) 15.535 (3) 8.703 (3) 10.980 (1)
b A 11.843 (3) 13.211 (8) 8.284 (2) 17.271 (4) 17.744 (2)
¢, A 16.217 (4) 12.662 (3) 16.432 (3) 19.645 (4) 12,170 (2)
a, deg 90 99.04 (2) 90 90 90
8, deg 80 91.18 (2) 90 90 101.24 (2)
v, deg 90 80.54 (2) 90 90 90
V, A? 2043.5 2152.1 2114.7 2952.8 2325.5
D yeqr g cm™2 1.34 1.32 1.57 1.34 1.39
Healeds €L 7.2 4.0 35.1 15.8 18.27
max 26, deg 50 47 50 50 50
F(000) 864 904 1008 1232 1451
crystal size, mm 0.25 X 0.43 X 0.50  0.24 X 0.31 X 0.32 0.32 X 0.44 x 0.54 0.28 X 0.33 X 0.45 0.40 X 0.55 X 0.55
octants colltd -h,~k,~l +h,tk,+! -h,~k,~l hk,l +hk,-l
no. of obsd reflns 1642 3977 1484 2091 3039
no. of variables 181 483 181 226 182
abs corre DIFABS ¥ scans DIFABS Y scans DIFABS
min/max abs 0.83/1.08 0.97/1.00 0.49/1.34 0.95/1.00 0.73/1.40
GOF 111 1.07 111 1.17 1.07
R; 0.037 0.065 0.044 0.065 0.037
R, 0.038 0.067 0.036 0.043 0.038

$Z = 4; temp 22 (1) °C; Mo Ka (A = 0.70930 A) with graphite monochromator.

Table III. Positional and Isotropic Thermal
Parameters for 2a

atom x y z B, A?
Cl(1) -0.1431(2) -0.0164 (2) 0.29803 (9) 5.29 (4)
Cl(2) -0.2440 (2) 0.1346 (2) 0.1219 (1) 5.84 (4)
Cl(38) -0.2909 (2) -0.1479 (1) 0.1452 (1) 5.84 (4)
S 0.1504 (2) 0.1715 (1) 0.03026 (9) 3.84 (3)
P 0.1061 (1) 0.0696 (1) 0.13019 (8) 2.63 (2)
Si 0.3335 (2) 0.1284 (1) 0.07973 (8) 3.22 (3)
Al -0.1578 (2) —0.0161 (1) 0.1670 (1) 3.33(3)
NQ1) 0.2549 (4) 0.0380 (3) 0.1489 (2) 2.78 (8)
N(?2) 0.0029 (4) ~0.0286 (3) 0.1163 (2) 2.69 (8)
C() 0.0492 (5) 0.1655 (5) 0.2077 (3) 4.0 (1)
C(2) 0.4388 (6) 0.0582 (6) 0.0057 (4) 4.7 (1)
C(3) 0.4072 (8) 0.2547 (5) 0.1252 (4) 4.6 (1)
C(4) 0.3092 (5) —0.0326 (5) 0.2179 (3) 4.0 Q)
C(5) 0.3480 (9) -0.1470 (6) 0.1839 (4) 7.7 (2)
C(6) 0.4272 (7) 0.0271 (7) 0.2492 (4) 7.1(2)
C(7) 0.2181 (7) —0.0460 (8) 0.2877 (4) 8.2 (2)
C(8) 0.0170 (6) -0.1158 (5) 0.0447 (3) 3.6(1)
C(9) -0.0827 (7) -0.0904 (6) -0.0188 (3) 5.5 (2)
C(10) 0.1459 (6) -0.1118 (5) 0.0021 (3) 4.7(1)
C(y) 0.0010 (6) ~0.2333 (5) 0.0821 (4) 4.7 (1)

Structures were solved using direct methods® to find the
heavier elements, and the remaining non-hydrogen atoms were
located from a series of difference Fourier maps.?” H atoms were
included in ideal positions as fixed contributions (C-H = 0.95
A, B,, = 1.3B of the bonded atom) to the structure factors. The
final choices of enantiomers for 2a, 3, and 5 (GaCl,) were based
on slightly lower R factors (0.037 vs 0.038, 0.037 vs 0.043, and 0.052
vs 0.053, respectively). The models were refined using full-matrix
least-squares techniques based on F, minimizing the function
2w(||F°| - |F.||)?, where the weight was defined as w = [o(F)2 +
(PaF)? + gul™! in all structures (py, and g, are listed in the
supplementary material).?? Atomic positional parameters are

(25) Cromer, D. T. in ref 24, Tables 2.3.1.

(26) MULTAN: A computer program for the automatic solution of
crystal structures from X-ray data. Main, P; Fiske, S. J.; Hull, S. E;;
Lessinger, L.; Germain, G.; Declerq, J.-P.; Woolfson, M. M. University
of York, York, England, 1982.

(27) All computations were performed using SDP/VAX: Frenz, B. A.
The Enraf-Nonius CAD 4 SDP—A Real-time System for Concurrent
X-ray Data Collection and Crystal Structure Determination. In Com-
puting in Crystallography; Schenk, H., Olthof-Hazekamp, R., van Kon-
ingsveld, H., Bassi, G. C. Eds.; Delft University Press: Delft, Holland,
1978; pp 64-71.

5(38) Killean, R. C. G.; Lawrence, J. L. Acta Crystallogr. 1973, B25,
1750.

Figure 3. Crystallographic view of 5 (GaCly).

given in Tables III-VII, and selected bond distances and angles
are provided in Table VIII. Representative ORTEP® views for
the structures of 2¢ (SO3CFy), 3, 5§ (GaCly), and 6-GaCl; are given
in Figures 1-4, respectively. A view of 2a has been previously
reported.!

Results and Discussion

The chemistry of tricoordinate phosphorane derivatives
is proving to be diverse.’® For instance, coordination to
a metal center can involve both ¢® and = complexation.?!

(29) Johnson, C. K. Oak Ridge Natl. Lab., [Rep.] ORNL (U.S.) 1965,
ORNL-3794.

(30) For a review, see: Germa, H.; Navech, J. Phosphorus Sulfur 1986,
26, 3217.

(31) Scherer, O. J.; Jungmann, H.; Kruger, C.; Wolmershauser, G.
Chem. Ber. 1984, 117, 2382,
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Table IV. Positional and Isotropic Thermal Parameters Table V. Positional and Isotropic Thermal
for 2¢ (SO,CF,)° Parameters for 3
atom x y z B, A? atom x y 2 B, A?
SA 07829 (2) 0.0278 (2) 09904 (2)  5.36 (5) Se 0.26902 (6)  0.1892 (1) 0.501° 5.08 (2)
PA 0.7567 (1)  0.1847 (1) 0.9896 (1)  3.40 (4) Ga 0.26221 (6)  0.0169 (1) 0.77073 (7)  3.79 (2)
SiA 0.8008 (2) 0.0892(2) 11572 (2)  4.07 (4) Cl(1)  0.2337 (2) 0.1294 (3) 0.8873 (2)  6.25 (7)
N()A 06530 (4) 0.2322(4) 09339 (4) 3.7 (1) Cl(2) 0.3315(2) -0.2013 (3) 0.8059 (2)  6.45 (7)
NI L smme mi wh Q0 nmg s s sa
C2A 05429 (5) 0.2205(6) 09452 (5) 4.4 (2) Si 0.4080 (2)  0.1581 (3) 0.4569 (2)  3.75 (5)
C(3)A 04815 (6) 0.3227 (7) 09234 (1)  17.2(2) N(1) 0.4301 (4) 00623 (8) 0.5489 (4) 2.7 (1)
CM4)A 05203 (5) 0.2017 (6) 1.0566 (6) 5.5 (2) N(2)  0.3311 (4) 0.1258 (7) 0.6899 (4) 3.0 (1)
C(5) A 05213 (6) 0.1303 (8) 0.8630 (7) 8.0 (3) C(1) 02965(6) -0.149 (1) 05990 (6) 4.7 (2)
C6)A 07680 (5) 0.3194 (5) 1.1860 (5) 4.2 (2) C(2) 04669 (7)  0351(1) 04380 (7) 6.1(3)
C(HA 07269 (9) 03156 (7) 1.2972(7) 8.7 (3) C(3) 04134(7)  0030(1) 03649 (6) 5.9 (3)
CB)A 08778 (7) 0.3410(7) 1.1931(8) 7.8(3) C@4) 05112 (5) -0.033(1) 05702 (6) 4.0 (2)
C@OA 06991 (7) 04048 (6) 11371(8) 7.3(3) C(5)  0.5861 (6) 0.054 (1) 05317(7) 59 (3)
C(10)A 0.7109 (7)  0.0503 (6) 1.2457 (6) 5.8 (2) C(6) 05245(6) -0.045(1) 0.6592 (6) 6.0 (3)
C(1)A 09359 (8) 0.0613(7) 1.1987(7) 6.6 (2) C(7) 05043 (7) -0.204 (1) 05328 (8) 6.6 (3)
SB 0.4569 (1) 0.2333 (2) 0.3686 (2)  5.03 (5) C(8)  0.3538 (6) 0.3026 (9) 0.7116 (6) 3.7 (2)
mockdh oy pamg mo o b eme wed ae
1. N N 5 R 3 o . N
N()B  0.2636 (4) 0.3501 (4) 0.2647 (4) 4.2 (1) C(11)  0.4055 (7) 0.302 (1)  0.7906 () 5.4 (2)
N(2B  0.2662 (4) 0.2655(4) 0.4520 (4) 3.6 (1) . ) o
C(1)B 0.2756 (7) 0.1444 (5) 0.2407 (6) 5.3 (2) Coordinate fized to define the origin.
8%2 ggg;? Eg; gzsig Eg; ggg};g gg; 3-9, g; Table VI. Positional and Isotropic Thermal Parameters
C4)B  0.1723(8) 05230 (6) 0.2539(8) 7.6 (3) for 5 (GaCl,)
C(5B  0.3039 (8) 0.4995 (6) 0.3963 (6) 6.8 (2) atom x y z B, A?
C(6)B 01586 (5) 02743 (7) 0.4940(7) 6.0(2) Ca 02078 (1) 005009 6) 0.368% 5] 497 @)
C(B 00827 (7) 0.294(2) 04125 (9) 213 (7) Cl(1) 03324 (3) —0.0483 (1) 03416 (1)  6.54 (6)
8%3’% 8'13?3(1(?) oass@ osmay A Eg;* Cl(2) 02735 (3) 0.1110(2) 04545 (2)  7.64 (7)
) : 185 (1) 0.542 (1) : Ci(3) -0.0360(3) 0.0366 (2) 0.3601(1) 8.9 (8)
8&‘33 g:‘l’fg 2‘75; 8;13; 523 ggggg gg; gg g; Cl4) 02573 (4) 0.1384(2) 02763 (2) 851 (8)
: : 2 : S -0.0247 (2) 05038 (1)  0.9280 (1)  5.94 (6)
atom X y z B, A?  occup P 0.1640 (2) 0.4809 (1) 0.8680 (1) 3.95 (4)
S(1) 0.7081 (1) 0.1662 (2) 06178 (2) 4.58(4) 1.0 Si(1) 00792 (3) 06170 (2) 09112 (2) 551 (6)
C((l)) 0.8381 {6; 0.1592 27; 0.5722 EG; 5.8 (2()) 1.0 81(2) 0.3927 (3) 0.6104 (1) 0.8278 (1) 4.17 (5)
F()A 0.8619 (4) 0.0891 (5) 0.4877(4) 93(2) 1.0 Si(3)  0.3635(3) 04138(1) 09771 (1)  4.46(5)
F(2)A 09049 (6) 0.1308 (8) 0.6462(6) 9.0(3) 0.6 Si(4) 02446 (3)  03135(1) 08582 (1)  4.98 (5)
F(3)A 0.8527 (5) 0.2469 (6) 0.5392(6) 6.7(2) 0.6 N(1) 02351 (6) 05688(3) 08728 (3) 34 (1)
F(2)B 0899 (1) 0.193 (1) 0.652 (2) 49 (4)* 02 N(2) 0.2689 (7) 0.4097 (3) 0.8941 (3) 3.6 (1)
F(3)B 0810(2) 0257 (2 0517(2) 9.2(70)* 0.2 C1)  0104(1)  04640(5) 07826 (5) 6.6(2)
F(2)C 0.903 (2) 0.096 (2) 0.618 (2) 102 (8)* 0.2 C(2) -0.035 (1) 0.6757 (6) 0.8497 (7) 9.3 (4)
F3)C 0879 (1) 0.234 (1) 0.589 (2) 48(4)* 02 C(@3) 0.117 (1) 0.6739 (5)  0.9866 (5) 7.6 (3)
O(1) 0.6969 (4) 0.2477 (4) 0.7069 (4) 5.0(1) 1.0 C4)  0550(1) 05374 (6) 0.8224(5) 8.0(2)
O(2)A 0.6488 (B) 0.2034 (6) 0.5263 (5) 6.2(2) 0.7 C(5) 0.329 (1) 0.6405 (6) 0.7421 (4) 6.2(2)
O(3)A 0.6954 (6) 0.0668 (5) 0.6307 (1) 6.5(2) 0.7 C@6)  0453(1) 06956 (5) 0.8771(8) 5.8 (2)
O(2)B 0652 (2) 0.146 (2) 0.538 (2) 86 (6)* 0.3 C(7) 0.362 (1) 0.5123 (5) 1.0146 (4) 5.4 (2)
O(3)B 0.742(2) 0.076(2) 0682(2) 17.4(5)* 03 C®  0248(1) 03547 (5) LO377(5) 6.0(2)
S(2)  0.1689 (2) 0.2449 (2) -0.0330 (2) 6.38(6) 1.0 C®  0570(1)  03817(6) 09653 (5) 6.1(2)
C(2) 0.1076 (8) 0.3574 (7) -0.0866 (8) 10.1(3) 1O C(10) 0209 (2) 03081 (6) 07677 (5) 84 (3)
F(4)A 0.0371 (7) 0.3720 (7) -0.1288 (8) 11.9(3) 0.6 C(11)  0.042(1) 02849 (5) 0.8694 (5) 6.7 (3)
F(5)A 0.1913 (8) 0.3622 (8) —-0.1638 (7) 11.6(3) 06 C(12) 0371 (1) 0.2419 (5) 0.9024 (6) 8.3 (3)
gfigg g(l)ii 8; 8;%5(1(?) ﬁ?%o(l(?) lg; fg;* 82 Table VII. Positional and Isotropic Thermal Parameters
F(5)B 0.041 (1) 0.398(1) 0.003(1) 10.8(4)* 0.4 for 6 GaCly .
F(6)B 0.154 (1) 0406 (1) -0.101(1) 124 (5)* 0.4 atom x y z B, A?
O(4)A 0.2431 (6) 0.2815(7) 0.0391(6) 6.0(2) 06 Ga 043492 (1) 0100 @) o7 37 (D)
O(5)A 0.0886 (7) 0.2067 (8) 0.010(1) 133(3) 06 Cl(1) 03625 () 008114 (8 06301 (1) 647 (3)
0(6)A 0222 (1) 0.188(1) -0.130(1) 154(4) 06 : : ¥ .
OWB 0130(1) 0170(1) —0093() 58()* 04 Cl(2) 0.2878 (1) 021184 (8) 0.8280 (1)  6.63 (3)
: 170 (1) 0. : : Cl3) 05296 (2) 008278 (9) 09110 (1)  7.35 (4)
O(3)B 0.107 (2) 0.285(2) 0071 (2) 163(9)* 0.4
S S M oyt e S 0.5674 (1) 022569 (7) 070219 (9)  4.25 (2)
: : - : - P 0.63144 (9) 0.31035 (6) 0.80996 (8)  2.90 (2)
2 The asterisk indicates that the atoms were refined isotropically. glg; gg(l)ég 8; g;gggg Eg gggg(sn(](.?) igé g;
1 .. N . N
More structurally disruptive are the numerous cyclization 15\11((13)) 8%28 8; 8@3‘;‘1"0( 2()7) 8-;;{1)3 ?31)) g'{g 8;
processes that have been reported. Although individually N2 05705(3) 0.3935(2) 0.7775(3)  3.41(7)
unique, most involve an increase in the coordination
an = ; C(l) 06268 (4) 0.2833(3) 0.9501(3)  3.94 (9)
number at phosphorus,®3>-3 and some have been ration- C(2) 0.7041 (5) 0.4435 (3)  0.5951 (4) 6.1 (1)

C(3) 0.7829 (4) 0.5057 (3)  0.8335 (4) 4.9 (1)
C(4) 09181 (5) 0.2102 (3) 0.8933 (5) 6.5 (1)

(32) See, for example;: Markovski, L. N.; Romanenko, V. D.; Ruban,
A. V. Pure Appl. Chem. 1987, 59, 1047. Scherer, O. J.; Kulbach, N.-T.. C(5)  09188(6) 02550 (4) 0.6562(5)  9.8(2)
Glassel, W. Z. Naturforsch. 1978, 33B, 652. Neicke, E.; Flick, W. J. C(6) 1.0324(5) 03595(4) 08485(8) 11.6(3)
Organomet. Chem. 1976, 104, C23. C(7) 0.4458 (5) 0.5354(3) 0.7432 (5) 6.5 (1)
(33) Scherer, O. J.; Kerth, J. J. Organomet. Chem. 1983, 243, C33. C® 03753 (4) 0.4202 (3)  0.9072 (4) 5.4 (1)

Scherer, O. J.; Kerth, J.; Anselmann, R. Phosphorus Sulfur 1983, 18, 271. C(@) 0.3088 (5) 0.3931 (3) 0.6559 (4) 6.2 (1)
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Table VIII. Selected Bond Lengths (A) and Angles (deg)

2a 2c (SO,CFy” 3 5 (GaCl,) 6-GaCl,
P-N(1) 1.654 (4) A 1.642 (5) 1.649 (6) 1.642 (6) 1.632 (3)
B 1.631 (5)
P-N(2) 1.615 (4) A 1.608 (6) 1.622 (8) 1.615 (7) 1.637 (3)
B 1.606 (6)
P-C(1) 1.799 (6) A 1.777 (8) 1.818 (9) 1.779 (9) 1.782 (4)
B 1.783 (8)
P-E 2.075 (2) A 2.045 (3) 2.214 (2) 2.060 (3) 2.028 (1)
B 2.066 (3)
E-Si(1) 2.169 (3) A 2.163 (3) 2.290 (3) 2.179 (3)
B 2.162 (3)
Si(1)-N@1) 1.762 (4) A 1.771 (5) 1.742 (7) 1.762 (7) 1.769 (3)
B 1.756 (5)
Si(1)-N(2) 1.771 (4)
A-N(2) 1.903 (4) 1.981 (7)
Ga-8 2.280 (1)
P-E-Si(1) 77.71 (7) A 77.71 (9) 73.57 (9) 75.8 (1)
B 77 (1)
N(1)-P-N(2) 92.7 (2)
E-P-NQ1) 93.4 (2) A 94.0 (3) 93.0 (2) 95.1 (2)
B 93.2 (2)
P-N(1)-8i(1) 101.6 (3) A 101.4 (3) 105.4 (3) 99.9 (3) 91.7 (2)
B 102.7 (3)
P-N(2)-Si(1) 91.6 (2)
N(1)-8i(1)-N(2) 83.9 (2)
E-Si(1)-N(1) 87.2 (1) A 86.5 (2) 88.0 (2) 87.8 (2)
B 86.2 (2)
Ga-S-P 110.4 (2)
2Molecules A and B.

Figure 4. Crystallographic view of 6:GaCl,.

alized in terms of a cycloaddition intermediate.3 The
results presented here describe a new cyclization process
in terms of the product and the proposed mechanism.

The thiophosphorane P[N*Bu(SiMe;)](N*Bu)S (1a) re-
acts with AlCl;, GaCl;, or H* (SO,CF5), to give imino-
bound Lewis complexes of the form N'BuSiMe,SP-
(Me)N'Bu-A 2 (A = AlCl, (2a), GaCl; (2b), or H* (2¢)) in
essentially quantitative yield. The compounds have been
spectroscopically and crystallographically characterized

and shown to contain the novel NSiSP heterocycle, Figure
1. The selenium derivative 1b behaves in an identical

fashion, providing the first NSiSeP heterocycle 3, Figure
2. Formation of a tetracoordinate phosphorus center is
consistent with previous reports on the chemistry of de-

(34) Niecke, E.; Kroher, R.; Pohl, S. Angew. Chem., Int. Ed. Engl.
1977, 16, 864.

rivatives of 1.5%% However, in the reactions described here,
coordination expansion is the result of a 1,3 methyl mi-
gration from silicon to phosphorus and the cyclic products
do not incorporate the activating reagent. In fact, in-
duction of the cyclization process has some generality in
that an identical heterocyclization occurs with both group
13 acids and a proton.

Another derivative of the NSiSP heterocycle is also
formed from reactions of the tetrasilyldiaminothio-
phosphoryl chloride P[N(SiMe;),]5(S)Cl (4) with equimolar
or excess MCl; (M = Al or Ga). These reactions are not
quantitative (see below), but the principal components
(80%) have been isolated and identified as the MCl,- (M

= Al, Ga) salts of the cation [N(SiMez)SiMe,SP(Me)N-
(SiMey),]* (5), Figure 3 (5 (GaCl,)). Cation § is an isomer
of the cation that would result from chloride ion ab-
straction from compound 4.

The NSIiEP Heterocyclic Framework (E = S, Se).

Table VIII shows that bond lengths within the NSiSP
heterocyclic frameworks (2a, 2¢, and 5) and around the
phosphorus center are erystallographically indistinguish-
able despite differences in molecular charge. In this con-
text 2a is best viewed in terms of a zwitterionic model,
possessing a phosphonium center and an aluminate center
(a typical model for phosphorylic-Lewis acid complexes,®
which is supported by the P NMR chemical shifts of all
derivatives of 2, Table I). Compound 3 can be viewed in
a similar manner.

The P-N(1), P-N(2), P-S, and P-Se bond lengths are
shorter than the corresponding single bonds (cf. P-N, 1.77
A;% P-S, 2.112 (1) A;37 P-Se, 2.24 A%), indicating the
presence of dx—p= interaction throughout the EPN,
moiety. The Si(1)-N(1) bond lengths are longer than

(35) Burford, N. Coord. Chem. Rev. 1992, 112, 1.
(36) Corbridge, D. E. C. The Structural Chemistry of Phosphorus;
Elsevier: New York, 1974.
c (37) Burford, N.; Royan, B. W.; White, P. S. Acta Crystallogr. 1990,
46, 274.
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Figure 5. 'H NMR spectrum of a reaction mixture containing P[N*Bu(SiMe;)](N*Bu)S (1a) and AlCl; in CH,Cl, at 0 °C, showing
signals for 1a, the product N*BuSiMe,SP(Me)N‘Bu-AlCl; (2a), and an intermediate 9 (3'P NMR: 53 ppm).

observed (1.72-1.73 A)2 for compounds in which a high
degree of d=—pr bonding exists between the silicon and
nitrogen atoms. A similar observation is made for the
cyclo-1,3-diaza-2-sila-4-phosphenium cations 7.3 The

Bu
!
Me,, /N\ _]+
Me/SI\N/:
lBlu
b4

S-Si(1) bond lengths are typical of those observed in si-
lathianes (cf. 2.143 (3) A in [MePhSiS];)? and are consid-
ered single.

The endocyclic bond angles are indistinguishable for the
tert-butyl derivatives 2 and 3 and exhibit only minor
differences from those of the cation 5, presumably imposed
by the differing steric requirements of the tert-butyl and
trimethylsilyl groups. The heterocycles are only slightly
distorted from planarity (fold angles NPE to NSiE: 2a,
9.10°; 2¢, 6.36°, 5.41°; 3, 2.87°; 5 (GaCl,), 12.89°). Very
narrow angles at sulfur and selenium are compensated by
wide angles at the planar N(1).

The salt structures consist of discrete cations and anions,
although in 5 (GaCl,), the distance between the sulfur
center of the cation and a chlorine atom CI1(2) of the tet-
rachlorogallate unit (3.666 (4) A) is within the sum of the
van der Waals radii (3.7 A),® Figure 3. Interactions of this
type are common for salts of nonmetal cations and are
generally referred to as cation—anion contacts.** They

(38) Veith, M.; Bertsch, B.; Huch, V. Z. Anorg. Allg. Chem. 1988, 559,
73.

(39) Steudel, R. Chemistry of the Non-Metals; de Guyter: New York,
1977.

(40) See, for example: Cardinal, G.; Gillespie, R. J.; Sawyer, J. F.;
Verkis, J. E. J. Chem. Soc., Dalton Trans. 1982, 765. McMullan, R. K,;
Prince, D. J.; Corbett, J. D. Inorg. Chem. 1971, 10, 1749. Couch, T. W.;
Lokken, D. A.; Corbett, J. D. Inorg. Chem. 1971, 10, 2319. Burford, N.;
Dipchand, A. L; Royan, B. W.; White, P. S. Inorg. Chem. 1990, 29, 4938.

have been interpreted as donations from the anion to the
electrophilic centers of the cation;*! however, their struc-
tural significance has not been fully evaluated. In contrast
to 5 (GaCl,), the triflate salt of 2c exhibits no intermole-
cular interactions within 3.8 A, and as the structural fea-
tures of the heterocyclic unit are identical in these two
compounds, it is tempting to conclude that the cation—
anion contact has little effect. It is interesting to note that
the neutral complex 2a adopts a Cl1(2)-S intermolecular
contact of 3.552 (2) A, which is significantly shorter than
tAh)e cation—anion contact observed for 5 (GaCl,) (3.666 (4)

The 'H and *C NMR spectra (Table I) are consistent
with the solid-state structures, clearly indicating none-
quivalence of the endocyclic silicon methyl groups, and
methylation of the phosphorus center.

Cyclization of [(Trimethylsilyl)-tert-butyl-
amino](tert-butylimino)(chalcogeno)phosphoranes.
Cyclization of the Si~-N-P-E unit of the tricoordinate
phosphoranes 1 is evidently induced by coordination of the
imino nitrogen center to the Lewis acid, which attains an
exocyclic position in the product. 1,3 methyl migration
from the silicon center to the phosphorus center, and the
formation of a silicon~chalcogen bond, are the ultimate
structural adjustments. Consequently, the process can be
viewed as an isomerization of the imino-bound complex
of 1. Interestingly, coordination of the heterocycle to the
acid via the imino nitrogen center is a stabilizing influence
for the genuine heterocycles 2 and 3 (see below).

The course of each reaction of la and 1b has been
monitored by variable-temperature 3P and 'H NMR
spectroscopy. Reaction with HSO4CF; is complex and
involves a number of metastable intermediates. However,
only two consecutive intermediates (3!P NMR: 177 and
53 ppm) are observed in the reaction with AIC]; and a
single intermediate (3!P NMR: 1a, 61 ppm; 1b, 49 ppm)

(41) Bader, R. F. W_; Gillespie, R. J.; MacDougall, P. J. From Atoms
to Polymers. In Molecular Structure and Energetics; Liebman, J. F.,
Greenberg, A., Eds.; VCH: New York, 1989; Vol. 11, p 1.



(Silylamino)(imino)(chalcogeno)phosphorane Cyclization

Scheme 1. Proposed Intermediates for Reactions of 1 with
MCl; (M = Al and Ga, E = S and Se, R = 'Bu)
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is evident in the reactions with GaCl,. 'H NMR spectra
for reactions of 1a conclusively show that the 177 ppm
resonance in the 3P spectrum of the AlCl; reaction mixture
contains a SiMe; group (0.56 ppm) and that the signals
at 53 ppm for the reaction with AICl; and 61 ppm for the
reaction with GaCl; correspond to compounds possessing
a methyl group at the phosphorus center. Moreover, these
compounds (*P NMR: 53 and 61 ppm) are analogous
(AIC]; and GaCl, derivatives, respectively). A represent-
ative 'H NMR spectrum of an AICl; reaction mixture is
shown in Figure 5 and contains signals for the starting
material la, the intermediate (P NMR: 53 ppm), and
the product 2a. On the basis of the spectroscopic data,
we envisage (Scheme I) complexation of the imino nitrogen
center to induce migration of a methyl group from silicon
to phosphorus, and silicon—chlorine bond formation to give
a six-membered heterocyclic intermediate 9. The process
can best be viewed in terms of an SN, displacement of the
methyl group from silicon by the nucleophilic chlorine of
MCl;. Asillustrated in Scheme I, the conformation most
suited for this displacement renders the chalcogen and
silicon centers remote. In addition, a chair conformation
is most likely for the resulting six-membered ring 9 with
the chalcogen forced into an equatorial position. A chair
“ring-flip” brings the chalcogen into an axial position and
in proximity for Si-E bond formation 10, with conse-
quential Si—Cl bond cleavage, and ultimate formation of
the genuine heterocycle 2 (or 8). The 'H NMR signals
observed for the intermediates 'P NMR: 53 and 61 ppm)
are consistent with the proposed six-membered heterocycle
9, and the energy barrier (5-25 kJ mol™)*2 associated with
a ring-flip would account for their transient existence. The
nature of species corresponding to the signal at 177 ppm
is interpreted by comparison with reactions of 4 and is
discussed in the next section.

Cyclization of Bis[bis(trimethylsilyl)amino]thio-
phosphoryl Chloride. In contrast to the reactions of 1,
four metastable intermediates are observed by variable-
temperature 3'P NMR spectroscopy during the cyclization
of 4, and the process is further complicated by the exist-
ence of the minor (20%) coproduct 6-MCl;. The initial

(42) Riddell, F. Conformational Analysis of Heterocyclic Compounds;
Academic Press: London, 1980.
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acid-base interaction likely produces a simple complex
(assigned to the signal at 206 ppm, observed just downfield
of the signal for the starting material 4, 205 ppm), probably
thio bound.? Subsequently, signals at 73, 60, and 177 ppm
are observed prior to the signals at 56 and 74 ppm, which
correspond to the products. It is tempting to correlate the
proposed intermediate 9 (P NMR: AlCl;, 53 ppm; GaCl,,
61 ppm), formed from la, with the transient signal ob-
served at 60 ppm from 4, especially in light of the common
product. However, the intermediates formed from 4 show
no sign of P-Me substitution (i.e., methyl migration is not
observed until formation of the final products) in the 'H
NMR spectra. Two integral equivalent signals of similar
chemical shift are observed for the first two intermediates,
and a single signal is then observed as the only feature in
the spectrum prior to the formation of the products. Few
structures can be envisaged for the intermediates, but most
obvious are 11 and 12 (E = S, R = SiMe;,).

The relationship between the intermediates observed
at 177 ppm in the 3!P spectra in cyclizations of both la
and 4 prompts us to tentatively assign these signals to the
corresponding tricoordinate phosphonium centers in 8 and
11, respectively. The temperatures at which 11 and 8 are

(Me3Si)N +
Noos |
(Measi)zN
1

observed indicates a substantially greater stability for 11,
possibly due to an inability to adopt the six-membered
cyclic structure 9 (no nucleophilic centers available for
donation to silicon; cf. chlorine centers in 8). On this basis,
we assume that the absence of the corresponding signal
(177 ppm) in the reaction of l1a with GaCl; is a function
of either the relative size of the acid or the greater nu-
cleophilicity of the chlorine center of GaCl; with respect
to that of AICl,.

Authentic examples of tricoordinate phosphonium cen-
ters such as 8 and 11 are rare. The sterically protected
methylenephosphonium cations 13 represent the only

RoN, / ,..an 2+ +
HZN/ \ an R\P-—-C/H
R/ \H"
12 R = Me Et, SiMe3 13 R = PrN, Bu
E =S, Se R'/R" = SiMey/SiMe,;, SiMes/H

confirmed derivatives.** Our studies of potential routes
to the corresponding imino* phosphonium salts have given
diverse and unexpected results, consistent with the in-
herent instability of the tricoordinate phosphonium sys-
tem. Nevertheless, we have observed dimeric dicationic
diphosphonium salts 12 for the bis(dialkylamino)thio?4
and bis(dialkylamino)seleno% derivatives and consider

(43) Igau, A.; Baceiredo, A.; Grutzmacher, H.; Pritzkow, H.; Bertrand,
G. J. Am. Chem. Soc. 1989, 111, 6853. Grutzmacher, H.; Pritzkow, H.
Angew. Chem., Int. Ed. Engl. 1991, 30, 709; 1992, 31, 99.

(44) Existence of the iminophosphonium cation has been postulated
on the basis of NMR data: Marre, M. R.; Sanchez, M.; Wolf, R. Phos-
phorus Sulphur 1982, 13, 327. Sanchez, M.; Mare, M. R Brazler,J F;
Bellan, J.; Wolf, R. Phosphorus Sulphur 1983 14, 331. Seea.lso Marre,
M.R,; Sanchez,M Wolf, R. J. Chem. Soc., Chem Commun. 1984, 566,
Mazleres, M. R; Sanchez, M.; Bellan, J,; Wolf R. Phosphorus Sulfur
1986, 26, 97. However, recent results conﬂlct w1th some of these con-
clusions: Burford, N.; Spence, R. E. v. H.; Richardson, J. F. J. Chem.
Soc., Dalton Trans. 1991, 1615.

(45) Burford, N.; Spence, R. E. v. H,; Rogers, R. D. J. Am. Chem. Soc.
1989, 111, 5006.
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such a structure (12; R = SiMe,, E = S) as a viable can-
didate for one of the intermediate signals (60 ppm) in the
cyclization of 4. The signal at 73 ppm is as yet unassigned.

Isomerization or Rearrangement of the NSiSP
Heterocycle. Solution thermolyses of 5 (MCl,) salts (M
= Al or Ga) result in elimination of Me;SiCl, heterocyclic
isomerism, and coordination of MCl; (released from the
anion) to the exocyclic sulfur center to give derivatives of
6-MCl; (E = S, R = SiMe;).#% The thermodynamic
preference for heterocycle 6 over the heterocyclic frame-
works of 2, 3, and 5 is further demonstrated by the isom-

erism of the heterocyclic NSiEP(N) units of 2 and 3 in the
- presence of a base (R;PO, R = Ph or ®°Bu). The reactions
of derivatives of 2 are observed to proceed via a single
metastable intermediate 1P NMR: -7 ppm), which we
speculate to be the free base of 2. While derivatives of 2
are thermally stable (in contrast to salts of 5), formation
of heterocycle 6 (E = S, R ='Bu) is facilitated by cleavage
of the coordinate bond, implying that the free base of 2
is stabilized by the presence of A (AICl;, GaCl;, HY, or
SiMe;*). Consequently, we view the thermolytic release
of Me;SiCl from 5 (MCl,) in terms of the Cl~ (base) ab-
stracting SiMe,*.
Summary and Conclusion. Two types of reaction

provide alternative high-yield routes to the first NSiEP

(46) Compound 6:GaCl; has been isolated and spectroscopically and
crystallographically characterized, Figure 4. Selected bond lengths and
angles are given in Table VIII. In general, the structural features are
typica% of a phosphetidine framework, and a standard coordinate linkage;
see ref 35.
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genuine heterocyclic systems. While a common pathway
or mechanism is implied for the two heterocyclization
processes, the metastable intermediates observed during
the progress of the two reactions have very different
spectroscopic, chemical, and structural features. It is
possible that certain observed intermediates are not es-
sential for the formation of the genuine heterocycle. For
example, heterocycle 9, formed from 1, cannot be formed
during the cyclization of 1a with triflic acid, or during the
cyclization of 4. Nevertheless, the similarity of the 177
ppm signal in the low-temperature 3P NMR spectra of
both systems implies a related intermediate (assigned to
8 and 11).
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