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80309-0215 

(Received 5 December 1996: In final form 25 January 1997) 

Radical reactions of Me3SiPH2, (Me3Si)zPH. Me2Si(PH2)2 and PH3 with selected alkenes have been 
examined as routes to new organo(si1yl)phosphines. The Me3SiPH2/l ,5-hexadiene reaction initiated 
by AIBN yields the phosphepane Me$iP(CH2)6 (l la) and acyclic Me$iP[(CH2)4CH=CH2]2 (12); 
the Me$iPH2/1,3-butadiene reaction yields only acyclic butenyl phosphines Me3SiP(H)C4H7 
(14A - C) and Me$%P(C4H7)2 (15A - D). Reactions of Me3SiPH2 with P(CH=CH2)3 and 
MeSi(CH=CH2)3 yield the vinyl-substituted cis- and trans-phosphorinanes 
(CH2=CH)P(C2H4)2PSiMe3 (18A118B) and Me(CH2=CH)Si(C2H4),PSiMe3 (20AnOB). 
(Me$i)2PH/Me2Si(CH=CH2)z reaction produces only the acyclic (CH2=CH)Me2SiC2H4P(SiMe3)2 
(22) and Me2Si[C2H4P(SiMe3)2]2 (25). The Me2Si(PH2),/1 ,4-pentadiene reaction yields phos- 
phorinanyl derivatives Me2Si(PHz)[P(CH&] (27) and Me2Si[P(CH2),], (28): no large-ring products 
form. The AIBN initiated reaction of CH2=CHCH2PH2 has been reinvestigated; the known bicyclic 
[(CH2)&P2 is obtained instead of the previously reported tricyclic [(CH2)3]3P2. The 
PH3/Me2Si(CH=CH2)2reaction yields mixtures of tentatively characterized 
M~~S~(CZH~)~PC~H,S~M~~(CH=CH~) (29) and [Me2Si(C2H4)2PC2H4]2SiMeZ (30). Solvolysis (with 
MeOH or H20) of silylphosphines l la,  27 (or B), 12, 14A-C, 15A-D, 18A/18B, 20A/20B, 22 and 
25 yields phosphorinanes (CH2)sPH (7) and Me2Si(C2H4)2PH (9). the new phosphepane (CH2)6PH 
(llb), HP[(CH2)4CH=CH2I2 (13,  HzPC4H7 (16A-C), HP(C4H7)2 (17A-D), the cis- and 
frans-(CH2=CH)P(CzH&PH (19M19B) and Me(CH2=CH)Si(C2H4)2PH (21A121B), 
(CH2=CH)Me2SiC2H4P(H)SiMe3 (23), (CH2=CH)Me2SiC2H4PH2 (24) and Me2Si(C2H4PH2)2 (26). 
Attempts to obtain new tricyclic or large-ring cyclic phosphines by radical ring closure of 19A119B 
and 21A/21B or cyclooligomerization of 23 or 24 were unsuccessful. New compounds are character- 
ized by spectral ('H, I3C, and 31P NMR, MS and IR) data. 

Keywords: phosphines; silylphosphines; phosphorinanes; phosphepane; phosphination 

* Dedicated to Professor Robert Wolf on the occasion of his 70th birthday. 
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142 D. M. SCHUBERT et al. 

INTRODUCTION 

Trimethylsilylphosphine (Me3SiPH2) and (Me3Si)2PH undergo radical reactions 
with olefins to produce a variety of new silyl-substituted cyclic and acyclic orga- 
noph~sphines.~-~ Upon hydrolysis or alcoholysis, these readily undergo silicon- 
phosphorus bond cleavage and conversion to the parent primary and secondary 
organophosphines. Reactions in many cases are high yielding, malung them use- 
ful synthetic routes to new compound classes. l h s  is especially true for 
six-membered ring cyclic phosphines, where not only the parent phosphorinane 
(4,7) but also 4-phospha- (eg. 5,s) and 4-sila- (eg. 6,9) phosphorinanes can be 
prepared in good ~ields .4 .~ 

/= MqSiPH2 A 
E - ALBN fJ-siMc3 

1 - 3  M&H/ 4 - 6  

(1) 
n 
FL/p-H 

7 - 9  

1,4,7; E = CH,: 2.5.8; E = PPh: 
3 , 6 , 9  E = SiMez 

Given that silylphosphine/alkene reactions are highly effective for phos- 
phorinane synthesis, it becomes a question of what other cyclic phosphines 
might be obtained from silylphosphine/alkene reactions. To this end, we have 
conducted a study of reactions between Me3SiPH2, (Me3Si)ZPH and 
Me2Si(PH2)2 and selected alkenes, which have the potential to yield phosphorus- 
containing five- (lo), seven- (11) and larger, eg. eight- or twelve-membered 
rings, or tricyclic molecules. The results of this study are described below. 

R - P a  R - P a  

10.. 10b l l a . 1  l b  
( a = Me3Si. b = H ) 

EXPERIMENTAL SECTION 

Materials and Apparatus 

Trimethylsilylphosphine (Me3SiPH2),6'7 (Me3Si)2PH6v7 Me2Si(PH2)2,7 
CH2=CHCH2PHz8 and Me2Si(C2H4)2PH (9)5 were prepared as described previ- 
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ACYCLIC A N D  CYCLIC ORGANOPHOSPHINES 143 

ously. PhP(CH=CH2)2(Strem Chemicals) and 1,5-hexadiene (Aldrich Chem. 
Co.) were placed over activated Linde 4A molecular sieves in vucuo before use. 
1,3-Butadiene (Matheson Gases, Inc.), AIBN [2,2'-bis(isobutyronitrile)] (Aldrich 
Chem. Co.), Me2Si(CH=CH2)2 (Petrarch Systems), (CH2=CH),P (Alfa Inorgan- 
ics), (CH2=CHCH2)3P (Alfa Inorganics), MeSi(CH2CH=CH2), (Petrarch Sys- 
tems), MeSi(CH=CH2)3 (Petrarch Systems), PH3 (Scientific Gas Products) and 
MeOH were used as obtained. Benzene and toluene were distilled from Na-Pb 
alloy and stored in vacuo over activated 4A molecular sieves. 

Infrared spectra were obtained on Perkin-Elmer Model 467 or Beckman IR 
4250 spectrometers. Mass spectra (EI') were measured on a Varian MAT CH5 
spectrometer. 31P NMR spectra were obtained at 40.5 MHz and 102.7 MHz 
using JEOL PFT-100 and Bruker WM-250 FT NMR spectrometers, respectively. 
'H NMR spectra were obtained at 90.0 MHz and 250 MHz using Varian EM-390 
and Bruker WN-250 spectrometers, respectively. 13C NMR spectra were 
obtained at 25.1 MHz and 62.90 MHz using JEOL PFT-100 and Bruker WM-250 
spectrometers. Chemical shifts (in ppm) downfield from Me4Si for 'H and 13C 
NMR spectra and 85 %J H3P04 for 31P NMR spectra are assigned positive (+a) 
values. Elemental analyses were conducted by Huffman Laboratories, Inc., 
Wheatridge, Colorado. 

General Procedures 

All manipulations were made in standard high-vacuum systems or inert atmos- 
phere apparatus.' Reactions of Me3SiPH2, (Me3Si),PH, or Me2Si(PH2)2 with 
olefins were carried out by condensing volatile reagents and solvent into the 
reaction vessel containing degassed AIBN. Nonvolatile reagents, were added by 
syringe and degassed prior to addition of volatile materials. The reaction vessel 
was sealed in vacuo, the contents were warmed to room temperature and mixed, 
and then the vessel was heated to the reaction temperature. In some cases reac- 
tion progress was followed by 'H andor 31P NMR spectroscopy. Here, the same 
procedure was employed using sealed 5 mm or 10 mrn NMR tubes. 
Organo(sily1)phosphines were converted to parent organophosphines by their 
reaction with deareated MeOH or H20 in an inert atmosphere. 

The organo(sily1)- and organo-phosphines prepared in this study are malodor- 
ous, likely highly toxic and sometimes spontaneously flammable. Great care 
should be exercised in their handling. 
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144 D. M. SCHUBERT et al. 

Me3SiPH2 Reaction 

(A) With Z,5-Hexadiene. ~kfe3SiP(CH2)~ (ZZa), Me3SiP[(CH2)&H=CH& (12), 
HP(CH2), (ZZb), and HP[(CH2)&H=CH& (13). 

Me3SiPH2 (0.16 g, 1.5 mmol), 1,5-hexadiene (0.12 g, 1.4 mmol), toluene (0.6 mL) 
and AIBN (10 mg, 0.06 mmol) were heated at 85 "C for 6 h (Me3SiPH2 conver- 
sion, 71 %; l l a  and 12 yields, 46 % and 42 %). The mixture was separated by frac- 
tional condensation through traps at 0 "C and -23 "C. l l a  (0.75 mmol) condensed 
at -23 "C; 12 (ca. 0.2 -01) remained in the reaction vessel as a nonvolatile, color- 
less oil. lla: 31P NMR (toluene-dg): 6 -105.8 (s). 'H NMR (toluene-dg):6 0.2 (d, 
9H, J p ~ = 4 . 5  Hz; SiMe3), 1.1-1.9 (compl. mult., 12H; CH2). I3C NMR (ben- 
zene-d6): 6 -2.0 (d, 3C, J = 11.5 Hz; SiMe3), 20.1 (d, 2C, J = 22.0 Hz; CH2), 28.8 
(d, 2C, J=3.5 Hz; CH2), 30.4 (d, 2C, J=4.2 Hz; CH2). MS (EI'), d e :  188 
(12CgH2,SiP+, M+). 12: 31P NMR (toluene-dg): 6 -101.8 (s). 'H NMR (tolu- 
ene-dg): 6 0.2 (d, 9H, JpH = 4.5 Hz; SiMe,), 1 .O - 2.3 (compl. mult., 16H; CH,), 
4.8 - 6.0 (AI3X mult.," 6H; olefinic H). MS (EI'), d e :  270 (12C15H3128SiP', 
M'). 12 could not be freed of traces (< 5%) of non-volatile products. 

The l l a  hydrolysate was separated by repeated passage through -23 "C and 
-45 "C traps. l l b  condensed at -45 "C. 31P NMR (toluene-dg): 6 -65.5 (d, 
'JpH = 190 Hz). 'H NMR (benzene-d& 6 1.35 - 1.65 (compl. mult., 12H; CH2), 
3.24 (d of mult., lH, 'JpH = 190 Hz, 3 J p ~  - 3.5 Hz; PH). l3C{'H} NMR (tolu- 
ene-dg); 6 21.2 (d, 2C, Jpc = 19.0 Hz), 29.0 (d, 2C, Jpc = 2.0 Hz), 29.3 (d, 2C, 
Jpc = 3.0 Hz). IR (gas, cm-l): 2997 (vs), 298l(s), 2324 (vs, vpH). 1476 (m), 1323 
(m), 1298 (m), 1046 (m), 953 (m), 858 (m), 794 (w), 758 (w), 681 (w). MS (EI'), 
d e :  116 [I2CsH13P+, M'I. 

Volatile materials were removed from the 12 hydrolysis mixture in vucuo, 
leaving 13 as a nonvolatile colorless oil. 31P NMR (toluene-dg) : 6 -69.7 (d, 
JPH = 191 Hz). 'H NMR (toluene-dg) 6 1.0 - 2.3 (compl. mult., 16H; alkyl H), 
3.1 (d of mult., lH, JpH = 191 Hz; PH), 4.8 - 6.0 (ABX mult.," 6H; olefinic H). 
IR (thin film, cm-'): 3078 (m), 2929 (vs), 2858 (vs), 2280 (s, VPH), 1641 (s), 
1455 (s), 1415 (m), 1175 (s), 992 (m), 991 (m), 802 (w), 778 (w), 723 (2). MS, 
d e :  198 ['2C12H23P+, M+]. Anal. Calcd. for C12H23P: C, 72.68; H, 11.69. 
Found: C, 73.22; H, 11.38. 

(B) With Z,3-Butadiene. Me3SiP(H)C4H7 (14), Me3SiP(C,$f,)2 (IS), H2PCJZ7 
(ZS), and H P ( C ~ H T ) ~  (17). 

Me3SiPH2 (0.34 g, 3.2 mmol), butadiene (0.54 g, 10.0 mmol), benzene (1 mL) 
and AIBN (15 mg, 0.09 -01) were heated at 85 "C for 16 h (Me3SiPH2 conver- 
sion, 60 %; 14 and 15 yields, 36 and 64 %). The reaction mixture was fraction- 
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ACYCLIC AND CYCLIC ORGANOPHOSPHINES 145 

ally distilled through 0 "C and -23 "C traps; 14 (0.33 mmol) condensed at -23 "C 
and 15 (ca. 0.6 mmol) remained in the reaction vessel. 14: 31P NMR (ben- 
zene-&): 6 -147.4 (d, J ~ H  = 188.0 Hz) [14A], -148.3 (d, JpH = 188.0 Hz) [14B], 
-150.5 (d, JPH = 188 Hz) [14C]; 14A:14B:14C mole ratio E 4:lS:l. 'H NMR 
(benzene-ds): 6 0.1-0.3 (compl. group of d, 9H, JpH = ca. 5 Hz; SiMe3), 1.4 - 2.5 
(compl. rnult., ca. 4.5H; CH2), 5.3-5.6 (superposition of AB and ABX 
mult.,"ca. 2.5H; olefinic H). MS (EI"), m/e: 161 [C7H17PSi+, M"]. 15: 31P 
NMR (benZene-d6): 6-94.1 (s) [15A], -96.3 (s) [15B], -97.7 (s) [15C], -97.9 
[15D]; 15A:15B:15C:15D mole ratio = 6:10:1:3. 'H NMR (benzene-&): 6 
0.1-0.3 (compl. group of d, 9H, JpH = 4.5; SiMe3), 1.4 - 2.5 (compl. mult., 8H), 
5.3 - 5.6 (superposition of AB and ABX mult.," ca. 5H). 

The 14 hydrolysate was fractionally condensed through -23 "C and -78 "C 
traps. 16 condensed at -78 "C. 31P NMR (benzene-&): 6 -132.8 (t, J ~ H  = 190 

16A:16B:16C ratio = 4:lS:l. 'H NMR (benzene-d6): 6 1.1 -2.2 (cornpl. mult., 
ca. 4.5H; alkyl Hj, 2.4 - 2.9 (compl. mult., 2H; PH2), 4.8 - 5.7 (superposition of 
AB and ABX'O; m, ca. 2.5H). MS (EI"), d e :  88 [C4H9P", M']. 

The 15 hydrolysate was repeatedly fractionated through 0 "C and -23 "C traps. 
17 collected at -23°C. 31P NMR (benzene-&); 6 -66.7 (d, JpH = 190 Hz; 17A), - 

Hz; 17D); 17A:17B:17C:17D ratio = 6:101:3. 'H NMR (benzene-&): 6 1.1 - 2.2 
(compl. mult., 9H), 2.4 - 2.9 (compl. rnult., lHj, 4.5 - 5.7 (superposition of AB 
and ABX mult.;" 5Hj. MS (EI"), d e :  142 [C,H15P", M"]. Since 16 and 17 
were isomer mixtures, no IR and I3C NMR data were obtained. 

Hz; 16A), -135.0 (t, JPH = 190 Hz; 16B), -140.0 (t, JpH = -190 Hz; 16C); 

67.2 (d, JPH = 190 Hz; 17), - 68.9 (d, JpH = 190 Hz; 17C), - 69.4 (d, J ~ H  = 190 

(C) With (CH2=CH)$! (CH2=CH)P(C2Hd2PSiA4e3 (18N18B) and 

Me3SiPH2 (0.16 g, 1.5 mmol), (CH,=CH)3P (0.17 g, 1.5 mmol) and AIBN (10 
mg, 0.06 mmol) in an NMR tube in toluene (6 mmol) were heated at 85 "C. After 
3 h, the reaction mixture exhibited, besides the singlet from unreacted Me3SiPH2 
(20 %), resonance pairs at 6 -102.2 [s, 1P; PSiMe3] and -31.2 (s, 1P; FCH=CH2) 
(MA; 30 %) and -99.0 (d, lP, J =  18.3 Hz; PSiMe31 and -32.9 (d, 1P; 
PCH=CH2) (18B, 45 %) and several unassigned singlets (< 5 %). 18A/18B were 
too non-volatile to be removed from the tube in vacuo and further purified. 

The 18N18B mixture was allowed to react with H20, after which volatile 
materials could be removed and separated by fractional condensation through a 
-23 "C trap into a -196 "C trap. PH3, (CH2=CH)3P, and (Me3Si)zO condensed at 
-196 "C. The -23°C liquid condensate contained 19 and it exhibited major (>90 
area %) 31P "IR resonances (benZene-d6) at 6 -34.7 (d, lP, 3Jpp=7.6 Hz; 
CH2CHe) and - 62.6 (d, IP, 3Jpp = 7.6 Hz, PH; 'JPH= 196.8 Hz in 'H coupled 

(CH2=CH)P(C2H&PH (19M19B). 
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146 D. M. SCHUBERT et al. 

spectrum) (19A) and -37.4 (d, lP, Jpp = 3.1 Hz, CH2CHP) and - 60.3 (d, lP, 
,JPp= 3.1 Hz, PH; IJPH= 192.3 Hz in 'H coupled spectrum) (19B) 
(19N19B = 1.5: 1) along with minor approximately equal-area (< 10 %) singlets 
at 6 5.9 and -18.6. MS (EI'), m/e, M+: 146 [I2C6H12P2+]. 19A and 19B could 
not be separated from each other or even completely from the singlet 6 5.9 and 
-18.6 compounds, hence unambiguous IR and 'H NMR data were precluded. 

(0) Wdh MeSi(CH=CH& Me(CH2=CH)Si(C2HJ2PSiMe3 (20M20B) and 
Me(CH2=CH)Si(C2H&PH (21M21B). 

Me3SiPH2 (0.16 g, 1.5 mmol), MeSi(CH=CH2)3 (0.20 g, 1.6 mmol), and AIBN 
(10 rng, 0.06 mmol) in benZene-d6 (0.5 mL) were heated at 85" C for 6.8 h 
(Me3SiPH2 conversion, 75 %). 31P NMR analysis of the volatile reaction prod- 
ucts showed major resonances (70 %) due to 20AI20B and minor resonances at 6 
- 69.8, -70.0, -140.0 and -237.1 [(Me3Si)2PH].11 Volatile materials were frac- 
tionally distilled through traps at -23 "C and -196 "C; the 2OM20B mixture con- 
densed at - 23 "C. ,'P{ 'H} NMR (benzene-%): 6 -95.0 (s) (20A) and -95.4 (s) 
(20B); 20A:20B mole ratio = 1: 1. 'H NMR (benzene-&): 6 0.01 (s, 3H; SiCH,), 
0.10 [d, JPH = 3.9 Hz, 9H; PSi(CH,),], 1.05 (comp. mult., 4H, ring CH2), 1.70 
(compl. mult., 4H; CH2), and 5.85 (compl. mult., 3H; SiCHCH2). IR (thin film, 
cm-'): 3050 (w), 2948 (s), 2902 (s), 2868 (s), 1402 (m), 1248 (vs), 1085 (w), 
1008 (m), 952 (m), 889 (w), 840 (vs), 798 (vs), 726 (m), 625 (m), 523 (w), 397 
(m). MS (EI+), m/e: 230 ['2Cl&23$8Si2+. M']. Anal. Calcd. for ClOH2,PSi2: 
C, 52.12; H, 10.06; P, 13.44. Found: C, 51.47; H, 9.83; P, 13.35. 

MeOH solvolysis of 20N20B mixture followed by molecular distillation into a 
-23" C trap, yielded isomer mixture 21Af21B; 21A:21B mole ratio = 1:l. 31P 
NMR (benzene-&): 6 -53.3 (JpH = 192.3 Hz; PH) (21A) and -54.1 (d, 
JPH = 192.3 Hz; PH) (21B). 'H NMR (C6D6): 6 -0.5 (s, 3H; SiCH,), 0.3 (s, 3H; 
SiCH,), 0.8 (compl. mult., 8H; CH& 1.4 (compl. mult., 9H; CH2 and upfield 
PH), 3.8 (t, J, = 10.0 Hz, J, = 2.0 Hz, OSH, 1/2 PH), 4.2 (t of t, J, = 10.0 Hz, 
J, = 2.0 Hz, 0.5H; 1/2 PH), 6.0 (compl. mult., 6H; SiCHCH2). MS (EI'), m/e: 
158 ['*C7HlgP2*Si+, M+]. 

(E) Me2Si(CH2CH=CH2)2 or (CH2=CHCH2),P. 

Me2Si(CH2CH=CH2)2 (0.22 g, 1.6 mmol) or (CH2=CHCH2),P (0.20 g, 1.3 
mmol) with Me3SiPH2 (0.17 g, 1.6 mmol) and AIBN (5 mg, 0.03 mmol) in ben- 
zene-cb'(0.6 mL) were heated at 80 - 85 "C." After 2 h, 31P NMR spectral analy- 
sis showed no reaction. 
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ACYCLIC AND CYCLIC ORGANOPHOSPHINES 147 

(Me3Si)2PH Reaction 

(A) With Me2Si(CH=CHd2 (1:3 Ratio). (CH2=CH)Me2SiC2HJ'(SiMe,)z (22), 
(CH2=CH)Me2SiC2H4pcH,SiMe3 (23) and (CH2=CH)Me2SiC2HJ'H2 (24). 

(Me3Si)zPH (0.41 g, 2.0 mrnol), AIBN (39 mg, 0.24 mmol), benzene (1 mL) and 
a stirbar were triply freeze-thaw degassed. Me2Si(CH=CH2), (0.55 mL, 
6.0mmol) was condensed in and the solution was heated to 75 "C for 3.5 h 
[(Me3Si)2PH conversion, 30 %; 22 yield, 95 %]. Volatile materials were fraction- 
ally condensed through traps at 0 "C and -78 "C; 22 condensed at 0 "C. 31P 
NMR (benZene-d6): 6 -163.4 (s). 13C{'H} NMR (benzene-&): 6 138.7 (s, 1C; 

Jcp = 17.1 Hz; CH,), 1.3 (d, 3C, Jcp= 12.2 Hz; SiMe3), -3.4 (s, 2C, SiMe2). 'H 
NMR (C6D6): 6 5.8 (compl. mult., 3H; CHCH,), 1.6- 1.9 (broad unresolved 
mult,. 2H; PCH,), 0.7 - 1.1 (broad unresolved mult., 2H; SiCH2), 0.25 [d, 
3JHp=4.1 Hz, 18H; P(SiMe3),], 0.09 (s, 6H; MezSi). IR (thin film, cm-'): 
3050(s), 2959(vs), 2902(vs), 1407(s), 1253(vs), 1158(s), 101 l(s), 952(s), 
845(vs), 762(m), 692(s), 668(s), 624(vs), 474(vs). MS (EI'), M+, d e :  
290 ['2C12H31PSi3+]. Anal. Calcd. for C12H31PSi3: 290.1471. Found (EI'), 
exact mass MS: 290.1458. 

- CHCH,), 132.1 ( s ,  1C; CHCH,), 18.9 (d, lC, Jcp 7 11.0 Hz; CH,), 9.4 (d, lC, 

Reaction of 22 with one equivalent of MeOH, followed by passage of volatile 
materials through -23 and -45 "C traps, yielded 23 (along with minor amounts of 
24 from which it could not be separated) at -23 "C. 31P NMR (benzene-d6): 6 - 
140.1 (d, J ~ H =  191 Hz). Because 23 was not obtained pure, satisfactory 'H 
NMR data were not obtained. IR and MS (EI') data for 23 were obtained using 
gas chromatographykoupled IR and MS spectral apparatus. IR (gas, cm-'): 
3056 (m), 2962 (vs), 2905 (m), 2275 (s, v p ~ ) ,  1408 (m), 1255 (vs), 1009 (m), 
953 (m), 840 (vs); MS, M', d e :  218 ['2C9H23PSi2']. 

Reaction of 22 with excess MeOH, followed by removal of excess MeOH and 
MeOSiMe3, left 24 as a colorless oil. "P{'H} NMR (benzene-%): 6 -122.8 (s). 

3 J p ~  = 4 Hz). 13C{lH} NMR (benzene-%): 6 138.4 (s, lC, CHCH,), 132.1 (s, 

-3.7(s, 2c,  %Me2). 'H NMR (benzene-d6): 6 5.8 (compl. mult., 2H; CHCH,), 
2.77 (d oft, 2H, lJHP = 190 Hz, 2JpH = 6.8 Hz; PH,), 1.3 - 2.5 (unresolved broad 
mult., 4H; CH2CH2), 4.04 (s, 6H; Me2Si). IR (thin film, cm-'): 3057(s), 

955(s), 829(vs). MS (EI'), M', rde: 146 [l2C6Hl5PSi+]. Anal. Calcd. for 
C6H1,PSi: 146.0681. Found (EI', exact mass MS): 146.0696. 

3 1 ~  NMR (benZene-d6): 6-122.8 (t of t of t, 'J,,= 188 HZ, ,~,,=7 HZ, 

lC, CHCH,), 19.2 (d, lC, Jcp = 3.66 Hz; CH2), 8.2 (d, lC, Jcp = 8.55 Hz; CH2), 

2 9 6 3 ( ~ ~ ) ,  2910(~), 2 2 9 4 ( ~ ~ ,  vPH), 1409(~), 1259(~), 1163(~), 1086(~), 1011(~), 
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148 D. M. SCHUBERT et al. 

(F) With Me2Si(CH=CH2)2 (3:l). Me#i[C2H4P(SiMe3)g2 (25) and 
Me2Si(C2H4pH2)2 (26). 
(Me$i),PH (1.2 mL, 6 mmol), AIBN (39 mg, 0.24 mmol), benzene (1 mL) and 
Me2Si(CH=CH2)2 (0.17 g, 2.0 mmol) were heated to 80 "C. After 4 h, 31P NMR 
spectra of reaction mixtures showed 22 and 25, respectively 170 % and 30 % 
yields, (Me3Si)ZPH conversion = 70 '331. Further additions of AIBN and heating 
for 4 h gave increased yields of both products. Volatiles at 25 "C were removed 
in vacuo leaving the nonvolatile oil 25. 31P NMR (benzene-d6): 6 -163.2 (s). 
13C{1H) NMR (benzene-&): 6 18.7 (d, 2C, JcP= 11.0 Hz; CH,), 9.5 (d, 2C, 
Jcp= 17.1 Hz; CH2), 1.3 (d, 12C, Jcp = 11.0 Hz; SiMe3), -3.5 (s, 2C; SiMe2). 
'H NMR (benzene-d6): 6 1.6 - 1.9 (broad unresolved mult., 2H; PCH2), 0.7 - 1.1 
(broad unresolved mult., 2H; SiCH,), 0.28 [d, 3 J ~ p  = 4.1 Hz, 18H; P(SiMe3)2], 
0.06 (s, 3H; Me2Si). IR (thin film, cm-'): 2953(vs), 2897(vs), 1406(s), 1246(vs), 
1152(s), 1073(s), 997(s), 835(vs), 752(vs), 691(vs), 625(vs), 463(s), 41 l(s). MS 
(EI'), M', m/e: 468 [12C18H50P2Si5+]. Anal. Calcd. for CI7H47P2Si5: 453.1999. 
Found (EI', exact mass MS): 453.1920 (for M - CH3+), 

Reaction of 25 with excess MeOH, followed by removal of Me3SiOMe and 
excess MeOH in vacuo yields 26. 31P(1H) NMR (benzene-&): 6 -122.9 (s). 31P 

3 J p ~  = 4.0 Hz). 13C{ 'H} NMR (benzene-&): 6 18.6 (d, 2Jcp = 3.7 Hz; PCH2), 
8.1 (d, 'Jcp = 8.6 Hz; SiCH2), -4.0 (s, SiMe2). 'H NMR (benzene-&): 6 2.79 (d 
of t, 4H, IJpH = 187.8 Hz, 2JpH= 6.8 Hz; PHZ), 1.3-2.5 (broad unresolved 
mult., 8H: CH,CH2), -0.19 (s, 6H; Me2Si). IR (thin film, cm-I): 2959(vs), 
2904(vs), 2294(vs, PH) 1416(s), 1259(vs), 1165(s), 1087(vs), 1006(s), 827(vs). 

180.0653. Found (EI' exact mass MS): 180.0638. 

NMR (benZene-d6): 6 -122.8 (t of t of t, l ~ p H =  188.1 HZ, , ~ ~ ~ = 7 . 0  HZ, 

MS @If), M', m/e: 180 [12C6HlgP~8Si']. Anal. Calcd. for: C6H18P2Si: 

(G) With P(CH=CH2)3 or MeSi(CH=CH2)3. 
P(CH=CH2), (0.17 g, 1.5 mmol) or MeSi(CH=CH2)3 (0.19 g, 1.5 mmol) with 

(Me3Si)zPH (0.24 g, 1.6 mmol) and A B N  (10 mg, 0.06 mmol) heated at 75" - 
85 "C in an NMR tube resulted only in (Me3Si)2PH decomp~sition.~ 

Reactions of Me2Si(PH2)2 with I,4-Pentadiene. Me2Si(PH2)[P(CH2)d (27) 
and Me2Si[P(CH2)d2(28). 

Me2Si(PH2)2 (0.25 g, 2.0 mmol), lA-pentadiene (0.41 g, 6.0 mmol), benzene 
(1.0 mL) and AIBN (10 mg, 0.06 mrnol) were heated at 85°C for 4.5 h. Volatile 
reaction components were passed repeatedly through a O°C trap. 27 (ca. 
1 .O mmol) condensed in the 0°C trap; 28 (ca. 1 .O mmol) remained as a nonvola- 
tile, colorless liquid. 27: 31P{1H} NMR (benzene-%): 6 -103.1 (d, Jpp = 14.0 Hz, 
-247.0 (d, J p p =  14.0 Hz; with 'H coupling, l J p ~ =  190 Hz). 'H NMR (ben- 
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ACYCLIC AND CYCLIC ORGANOPHOSPHINES 149 

zene-dg): 6 0.1 (d of d, ,JPH = 4.0 Hz, 6H), 1.1 (d of d, 'JPH = 190 Hz, ,JPH= 4.0 
Hz; 2H), 0.8 - 2.2 (compl. mult., 10H). 28: 31P NMR (benzene-d6): 6 -106.2 (s). 
'H NMR (benzene-dg): 6 0.4 (t, 3 J p ~  = 4.0 Hz, 6H), 0.8 - 2.2 (compl. mult., 
20H). Hydrolysis of 28 or 27 quantitatively yields (CH,),PH (7) or 7 and PH3, 
respectively, as the only phosphorus-containing hydrolysis products. 

Reactions of PH3 

(A) Wdh Me$i(CH=CH& Me2Si(C2Hd2PC2H@Me2 (CH=CHd (29) and 
[Me2Si(C2Hd2PCzH&SiMe2 (30). 
Reactions were conducted in a 25-cm long sublimation tube connected to a 
Fischer-Porter valve with a ball joint for vacuum line connection. The tube bot- 
tom was widened and elongated to accomodate the volume of the reactants. 
AIBN (1 5 mg, 0.09 mmol), toluene (1 mL) and a spinbar in the above apparatus 
were triply freeze-thaw degassed. Me2Si(CH=CH2), (0.41 g, 3.7 mmol) and PH, 
(3 mmol) were added. After a 2-3 h reaction at 80 "C, high volatility material 
(PH3, 1.1 mmole) was removed and the low volatility material which remained 
in the reaction tube was sublimed. A light yellow oil (ca. 50% of total) sublimed 
at 70 "C (fraction A) and a second light yellow oil (ca. 35%) sublimed at 170 "C 
(fraction B). The remaining product was a hard, brown intractable wax. Repeated 
molecular distillation of fraction A resulted in product enriched to ca. 75 % 29. 
Spectral data for a 75:25 29/30 mixture: 31P NMR (benzene-d6): 6 -24.6. I3C 
{'H} NMR (benzene-&): 6 138.8 (s, CH=CH2), 132.1 (s, CH=CH2), 22.5 (d, 
'JCp = 14.6 Hz; ring CH2), 21.3 (d, 'JCP = 14.6 Hz; CH,), 11.0 (d, 2JCp = 7.3 Hz; 
CH,), 10.6 (d, 2 J ~ p  = 8.0 Hz; ring CH2), -2.3 (s, %Me2), -3.4 (s, ring SiMe2). 
'H NMR (benzene-dg, areas given as % of total area) : 6 5.8 (area 7.2, compl. 
mult., CH=CH,), 1.1 - 2.1 (area 23.9, unresolved broad, CH2's), 0.3 - 1.1 (area 
28.9, unresolved broad, CH2's), 0.08 (broad s, area 17.8, %Me2), -0.02 (s, area 
11.1, ring SiMe,), -0.05 (s, area 11.1, ring SiMe2). MS (EI', 70 "C): Parent ion 
envelopes (EI') at d e :  404 [12C1gH42P2Si3+] and 258 [ '2C12H2,P28Si2+]. 

Fraction B exhibited 31P NMR spectral resonances at: 6 -30.6, -24.6, -23.1 
and 12.7, along with numerous other very small peaks. Owing to the inhomoge- 
neity of this fraction and our inability to separate it, additional spectral data were 
not obtained. 

Excess PH3 and Me2Si(CH=CH2)2( 10: 1 mole ratio) were combined and heated 
with AIBN for 2-3 h. PH3 was recovered in vacuo. 31P NMR spectral analysis of 
the reaction mixtures showed six peaks in the region 6 -22.1 to -24.7 for the 
most volatile fraction (sublimed at 70 "C) and nine peaks between 6 -23.8 and 
-24.6 for a lower volatility fraction (sublimed at 170 "C). Further characteriza- 
tion of these fractions or the sublimation residue was not attempted. 
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150 D. M. SCHUBERT et al. 

Me2Si(CH=CH2)2 - Me2Si(C2Hd2PH (9) Reaction. 

Me2Si(CH=CH2)2 and 9 were allowed to react in 2:1, I:  1 and 1:4 mole ratios. 
Typically 9 (0.25 g, 1.7 mmol) was syringed into the toluene (3 mL) and AIBN 
(12 mg, 0.10 mmol) solution. The solution was triply freeze-thaw degassed. 
Me2Si(CH=CH2)2 (0.19 g, 1.7 mmol) was added and the solution heated to 
80 "C. After 3 h, traces of high volatility materials were removed and the remain- 
ing low volatility oil was distilled. Fractions were collected at 70 "C (fraction A, 
50% ) and 170 "C (fraction B, 35 %). An intractable brown wax remained 
behind. Spectral data for fraction A was virtually superimposable with that for 
29/30, above. 

Fraction B and the nonvolatile residue appeared to have the same general 
makeup as fraction B from the PH,/Me,Si(CH=CH2)2 reaction and was not char- 
acterized further. 

Me2Si(C2H&P(S)C,H,SiMe2(CH=CHd (31) and [Me2Si(C2Hd2P(S)C2HJ2 
SiMe2 (32). 

A 29/31 mixture (74:26) was allowed to react with excess Sx under N2. White 
crystals, 31/32, formed immediately. Neither fractional crystallization nor thin 
layer chromatography on silica plates achieved separation of the reaction mix- 
ture. 31P NMR (benzene-d6): 6 47.4. 13C{lH) NMR (benzene-%): 6 137.4 (s, 

Hz; ring CH2), 7.7 (d, Jcp = 2.5 Hz; ring CH2), 6.5 (d, Jcp= 6.1 Hz; CH,), -3.1 
(s, ring SiMe), -3.8 (s, SiMez), -4.5 (s, ring SiMe) 'H NMR (benzene-d6, areas 
given as % of total): 6 5.8 (compl. mult., area 7.1; CHCH2), 0.1 -2.0 (broad 
unresolved mult., area 52.7; CHis), 0.02 (s, area 18.4; SiMe2), -0.10 (s, area 
10.9; ring SiMe2), -0.20 (s, area 10.9; ring SiMe2). MS (EI') M', mle: parent 

CH=CH2), 132.3 (s, CHCH2), 26.7 (d, Jcp = 48.8 Hz, CH,), 26.3 (d, Jcp = 50.0 

ions at 468 [ 12C18H42P2S22xSi3+] and 290 [ 12C12H27PS&i2+]. 

Cyclization Reactions 08 (A) 23 and 24. 

Typically, 24 (0.12 mL, 0.80 mmol) was allowed to react with AIBN (40 mg, 
0.24 mmol) in toluene at 80 "C for 2.5 hr. The 31P NMR spectrum exhibited res- 
onances at 6 -53.5 (9,60 %)5  in addition to minor resonances at 6 -24.8, -25.5, - 
70.0 and -122.5 (unreacted 24). Separation adequate to allow further characteri- 
zation was not achieved. 

Under similar reaction conditions, a 23/24 mixture (5:l ratio) when heated 
with AIBN yielded a mixture which exhibited a major 31P NMR resonance at 
-53.4 (9,54 %), minor resonances at -70.8, -95.2 (6), -122.4 (24) and 6 -140.3 
(23), and minor unassigned resonances in the 6 -20 to -30 region. 
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ACYCLIC AND CYCLIC ORGANOPHOSPHINES 151 

(B) Z9NZ9B. 

Treatment of the 19N19B mixture (0.23 g, 1.6 mmol) with AIBN (10 mg, 0.06 
mmol) in benzene-d6 (2 mL) at 85 "C resulted in the disappearance of 19A/19B 
resonances and the appearance of major singlets at 6 5.9 and -18.6. The product 
mixture showed a strong mass spectral ion at m/e 146 along with low intensity 
ion envelopes at higher mass. Attempts to separate the reaction mixture failed. 

(C) C H Z = C H C H ~ P H ~  P2(CH2)3 (33). 

CH2=CHCH2PH2 (O.llg, 1.5 mmol) and benzene-d6 were condensed into an 
NMR tube with AIBN (10 mg, 0.06 m o l ) .  The reaction was heated at 85 "C for 
2 - 3 h. Repeated high-vacuum column distillation' of the volatile reaction mate- 
rials yielded 33.12 31P NMR (ben~ene-d~): 6 -28.2(s). 13C{lH} NMR (ben- 
zene-d6): 6 30.41(t, 4C, Jcp = 16.0 Hz), 29.99 (t, 2C, Jcp = 4.6 Hz). MS (EI'), 

Found. C, 49.61; H, 8.26; 41.99. The 'H NMR (benzene-d6) spectrum agreed 
closely with that reported recently by Alder and  coworker^.'^>^^ 

M', m/e: 148 [C,jH#2+]. Anal. Calcd. for C6H12P2: c ,  49.32; H, 8.28; P, 42.40. 

RESULTS AND DISCUSSION 

Reactions of Me3SiPH2 with 15hexadiene and 1,3-butadiene in the presence of 
AIBN initiator were examined as potential routes to 7-membered phosphepane 
(11) and 5-membered, phosphetane (10) rings, respectively. With I ,5-hexadiene, 
reaction occurs smoothly at 85 OC in toluene to form cyclic l l a  (Scheme 1) along 
with acyclic 12. Phosphorus-31 NMR spectral analysis of the reaction mixture 
shows mainly strong singlets at 6 -105.8 and -101.8, in the region characteristic 

4 W v  

1 l b  

SCHEME 1 
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152 D. M. SCHUBERT ei a/.  

of secondary silylphosphines. 14*15 Only traces of 6-membered phosphorinanes 
were seen. Yields of l l a  and 12 are typically 45 - 50 % and 35 - 45 %, respec- 
tively. Even using other than 1:l reactant ratios, both products are observed. 
Although l l a  is favored under dilute reaction conditions, in none of the experi- 
ments were significant amounts of higher molecular weight oligomers or poly- 
mers seen. Even though a phosphorinane product might be more stable and could 
be expected as a reaction product, the tendency of the silylphosphinyl radical to 
add anti-Markovnikov to olefins d0minates4'~ In contrast, the analogous reac- 
tion between Me3SiPH2 and 1,3-butadiene yields no detectable 5-membered ring 
phosphetane (1Oa). Instead the reaction yields both mono- (14A-C) and bis- 
(15A-D) butenyl products (eqn 2). The reaction mixture shows three distinct 31P 
NMR resonances from 14A-C in the 6 -147.7 to -150.5 region expected for pri- 
mary silylph~sphines. '~~'~ All three show characteristic lJpH coupling of 180 - 
190 Hz16 in the 'H coupled spectrum. Likewise, isomers 15A - D show 31P 

NMR singlets at 6 -94.1 to -97.7 as expected for secondary alkyl(sily1)phos- 
p h i n e ~ . ' ~ , ' ~  Silylphosphines l la ,  12, 14A-C and 15A-D all are quantitatively 
hydrolyzed to the parent phosphines l lb,  13,16A-C and 17A-D, and were read- 
ily characterized by spectral data. To our knowledge, the parent phosphepane 
(CH2),PH ( l lb)  appears previously unprepared, although phosphorus alkyl- and 
aryl- substituted derivatives are known.I6 The 'H NMR spectrum is especially 
interesting since it shows only a single doublet P-H ( 'JpH = 190 Hz) of quintets 
(3Jm = 3.5 Hz). This pattern indicates nearly equal vicinal coupling of the P-H 
proton to the four a-CH2 protons, due possibly to rapid interconversions between 
various possible conformations of the 7-membered ring. This contrasts with 
behavior seen for the 6-member phosphorinane (CH2)5PH (7) where 'H NMR 
data show clear preference for the P-H being in an axial position." 

The Me3SiPH2/1 ,3-butadiene reaction yields mixtures of isomeric products. If 
we assume that, as in the Me3SiPH2 reactions with 1P-pentadiene and 1,5-hexa- 
diene,475 addition of the Me3SiPH. radicals to terminal olefin positions is pre- 
ferred, the three observed monobutenylphosphines (14A-C) can be the result of 
both 1,2- and 1,4- addition to the butadiene (I - III, below). However, formation 
of the bis(buteny1)phosphine shows a degree of regioselectivity, since we 
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ACYCLIC AND CYCLIC ORGANOPHOSPHINES 153 

observe only four (15A-D) of the possible six isomers. Unfortunately, our spec- 
tral data do not allow the specific assignment of NMR resonances to particular 
isomers and they allow no reasonable assumptions about the isomer composition 
of 14 and 15 or their hydrolysis products 16 and 17. 

Radical initiated reactions of MejSiPH2 with Me2Si(CH2CH=CH2), or the tri- 
allyl- and trivinyl- compounds P(CH,CH=CH,),, P(CH=CH2), and 
MeSi(CH=CH2)3 were examined as potential routes to 8-membered, or possibly 
larger, cyclic silicon atom-containing phosphines (eg. 34, eqn 4) or to allyl- or 

34 

vinyl- substituted 8- or 6-membered phosphorus-containing rings (eg. 18 or 19, 
Scheme 2). These rings, after hydroysis to the parent phosphines and further 
reaction with AIBN, might ring close to tricyclic cages, as 35 or 36 for the vinyl 
systems shown in Scheme 2. 

18N18B. E = P 
2OAnOB, E = MeSi 

[(I 3 H - C E ?  

3 5 , E = P  19N19B. E = P 
36, E = MeSi 21A/2lB, E = MeSi 

SCHEME 2 

Unfortunately Me3SiPH2 with AIBN at 85 OC showed no reaction with 
Me@(CH2CH=CH2)2 or P(CH,CH=CH&. This is somewhat surprising, since 
Issleib and coworkers'* have reported that the allyl(sily1)phosphine 
RSi(PH2)(CH2CH=CH2)2 (R = Me, Ph) undergoes AIBN initiated intramolecu- 
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154 D. M. SCHUBERT et af. 

lar closure to the bicyclic RSi[(CH2)3]2P product. However, P(CH=CH& and 
MeSi(CH=CH2)3 do react with MejSiPHZyielding the desired phosphorinane 
intermediates, 18M18B and 20A/20B, respectively. In addition, the 
MeSi(CH=CH2)3 reaction shows minor 31P NMR singlets at 6 -69.8 and -70.0 
presumed to be from diastereomeric 5-membered p h o s p h ~ l a n e ~ ~ ? ~ ~  byproducts 
and at 6 -140.0 from the acyclic intermediate (CH2=CH)2MeSiC2H4P(H)SiMe3 
which preceeds 20A/20B.4 Isomers 18N18B yield characteristic 31P NMR 
two-doublet resonance spectral patterns; 20M20B exhibit singlets. In both cases 
the isomer mixtures are low in volatility, precluding their complete purification 
by fractional distillation. However, they were characterized as mixtures and, sec- 
ondarily, as their hydrolysis products 19A/19B and 21M21B. 

Spectral characterization of 19N19B and 21A/21B show them to be vinyl-sub- 
stituted 4-phospha and 4-silaphosphorinanes, respectively. Both show two sets of 
31P NMR resonances, because they are present as both cis and trans i~orners .~ '~ '  
Since 19M19B are diphosphorus molecules, each isomer exhibits two pairs of 
coupled doublets, one in the P-H region at 6 4 2 . 6  and 4 0 . 3  and the other in the 
alkylphosphorinane phosphorus region5921 at 6 -34.7 and -37.4. Isomers 
21N21B exhibit the expected two singlets at 6 -53.5 and -54.0, in the phos- 
phorinane region. Both show characteristic 'H NMR vinyl AB2 multiplet reso- 
nances, however, because they are isomer mixtures the multiplets are 
overlapped, broadened and poorly resolved. 

Heating 19M19B and 21N21B at 77 - 85 "C in toluene in the presence of 
ALBN resulted in reaction, but not clearly to formation of 35 or 36. Although 35 
has been reported,22 no spectral data were given. Our data show no quantifiable 
difference in cis- and rrans- isomer reactivity. In both cases reactant resonances 
disappeared as product resonances appeared. In the 19A/19B reaction, the major 
31P NMR resonances were singlets at 6 5.9 and -18.6; the volatile products from 
the product mixture displayed a mass spectral (EI') highest mass peak at m/e 
146, consistent with the presence of 35 or one of several possible structural iso- 
mers. In the 21A/21B reaction a series of small resonances appear between 6 -20 
and -25. These products were too non-volatile to separate by fractional distilla- 
tion, suggesting oligomer/polymer rather than cage formation. Since spectral 
data for the target tricyclic molecules have not been reported, unambiguous char- 
acterization awaits finding better methods for product isolation. 

We have found in this study that the allylsilanes and allylphosphines are unre- 
active towards silylphosphinyl radicals; in contrast we observed earlier23 that 
allylphosphine (CH2=CHCH2PH2) in the presence of ALBN underwent reaction 
to a tricyclic compound characterized as 37. This reactivity difference, the pos- 
siblilty that at higher dilution a CH2=CHCH2PH2 radical reaction might yield an 
8- membered ring product, and the recent report 12924 that the spectral properties 
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ACYCLIC AND CYCLIC ORGANOPHOSPHINES 155 

37 38 

we reported for 37 were more consistent with the bicyclic 38 reported earlier by 
Issleib et. al.,25 prompted us to reinvestigate the CH2=CHCH2PH2 radical initi- 
ated reaction. Allylphosphine and AIBN in toluene were heated at 85 "C to effect 
reaction. The low-volatility product oil was repeatedly distilled. From this we 
obtained a product whose spectral properties, except for the MS data, are closely 
similar to those reported before.24 We previously reported a highest mass ion at 
m/e 154, attributed to the 12CgH15P+ ion, ie. the parent P[(CH2)3]3P+ minus a 
PH3 molecule. However, with improved purification, the highest-mass peak is 
observed at m/e 146, consistent instead with 38. Thus, we conclude that the main 
product of the reaction is in fact 38, and that our first report was in error because 
of an unrecognized impurity. 

In an alternate approach to tricyclic phosphines of type 35 or 36, AIBN initi- 
ated reactions of (Me$i),PH with P(CH=CH2), or MeSi(CH=CH2)3 were 
examined to determine the possibility of mono-phosphination to 39, followed by 
its hydrolysis to 40 and ultimately cyclization to 35/36. However, neither 
P(CH=CH2)3 nor MeSi(CH=CH2), reacted with (Me3Si)2PH when heated at 
80 - 85 "C for up to 5 h in toluene; only (Me3Si)2PH decomposition is observed. 
Clearly, the lowered reactivity of the (Me3Si),P. radical is a limiting factor in 
syntheses of this type. 

39 (E=P,MeSi) 40 

The radical reaction between Me2Si(PH2)2 and 1 ,Cpentadiene was examined 
as a potential route to large-ring phosphines, eg. the 12-membered ring that could 
result from addition of two molecules of diene across the bis(phosphine), eg. 41 
as shown in Scheme 4. However, when allowed to react, only the new bis(phos- 
phorinanyl) derviatives 27 and 28 formed along with minor amounts of higher 
molecular weight material. Compound 27 exhibits characteristic 31P NMR dou- 
blet of doublet resonances at 6 -247.0 ('JPH = 190 Hz, 2Jpp = 14.0 Hz) and a 
doublet pattern at 6 -103.1, as expected for the monophosphorinanyl ~pec ies .~  
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4 1  

MqSi’ 

27 
‘ PH, 

SCHEME 4 

Compound 28 shows only a singlet resonance in the silyl(phosphorinane) region 
at 6 -106.1. Both silylphosphines were hydrolyzed quantitatively to the known 
parent phosphorinane, (CH,),PH (7). If a ring product such as 41 formed, it was 
not identifiable among the minor products. 

A second approach to large-ring formation, could involve alkenylphosphine 
cyclooligomerization (Scheme 3, where an alkenyl silylphosphine such as 23 or 
24, instead of undergoing radical cyclization to phosphorinanes, could 
cyclodimerize to 12-membered rings such as 42 or 43. Cyclooligomerization of 

A 
L 

I 

Me-$ P(H)SiMe, 

23 

H20 1 

SCHEME 5 
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24 might proceed differently from that of 23, because of the presence of the ster- 
ically bulky Me3Si group on the phosphorus atom. To this end, (Me3Si)2PH in 
the presence of AIBN was allowed to react with Me2Si(CH=CH2),, at 1:3 and 
3:l mole ratios. In both cases, reaction proceeds smoothly. In the 1:3 reaction the 
major product is the desired 22, however, in the 3:l reaction both 22 and the 
bis( silylphosphino) product 25 are attained. Both undergo reaction with MeOH 
to P-H bond containing products. Compound 22 reacts stepwise with one equiva- 
lent of MeOH to yield 23 along with traces of 24 from which it was difficult to 
fully separate. With two equivalents of MeOH, 22 is converted only to 24. No 
attempt was made to solvolyze 25 stepwise, but with more than four equivalents 
oPMeOH it was converted quantitatively to the parent bis(phosphine) 26. The 
new compounds, 22 - 26, were all readily characterized by spectral data. Inter- 
estingly, upon cyclization of either 23 or 24 by their thermolysis with AIBN at 
85 OC, cyclization occurs primarily to the known 4-silaphosphorinanes 6 and 9, 
respectively, along with lesser amounts of the isomeric 5-membered phos- 
pholanes. If significant quantities of large rings such as 42 or 43 had formed, 
their presence in the reaction mixtures could not be unambiguously established. 

Although radical reactions of PH, with alkenes are known generally to involve 
all three P-H bonds and the formation of mono-, bis- and tris- alkylated prod- 
ucts,26-28 it remained of interest to determine if PH, reaction with a divinyl mol- 
ecule, eg. Me2Si(CH=CH2)2, could be controlled sufficiently to allow formation 
of large ring compounds such as 43 or the tricyclic analog which might result 
from reaction of a MezSi(CH=CHz), unit across the P-H bonds of 43. However, 
even in dilute solutions, PH3 reacts with Me2Si(CH=CH2)* in the presence of 
AIBN at 80 "C to yield a complex mixture of low-volatility products which are 
the result of complete P-H addition to vinyl groups. The highest-volatility prod- 
ucts were isolated from the reaction mixture by sublimation of the mixture along 
a temperature gradient tube under high vacuum. This material was separable into 
a higher (A) and a lower (B) volatility fraction; a non-volatile wax was left 

25. R = Me+ 29 
2 6 , R = H  

30 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
4
5
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



158 D. M. SCHUBERT er al. 

behind. Only fraction A could be reasonably well characterized. It was deter- 
mined by spectral analysis (31P, 'H and 13C{'H) NMR and MS) to be a 29/30 
mixture. Mass spectral parent ions at m/e 258 and 404 were clearly visible for 29 
and 30, respectively. Compounds 29 and 30 were not fully separable because 
they have similar and very low volatilities. However, upon repeated fractional 
distillation we obtained samples enriched to 75 % in 29. 

Compounds 29 and 30 have very similar NMR spectra, hence spectral analysis 
of the mixtures was difficult. At 36.2 MHz, the 31P NMR resonances of the two 
appeared superimposed as one peak at 6 -24.6 in the tertiary phosphine region.16 
The compounds show 13C{'H} NMR spectral resonances at 6 138.8 and 132.1, 
attributable to the vinyl carbon atoms of 29. The other 13C NMR resonanqs 
arise from both 29 and 30. There are two doublet resonances at 6 22.5 
(2Jcp = 14.6 Hz) and 21.3 (2Jcp = 14.6 Hz) tentatively assigned to CH2 groups 
directly bonded to phosphorus centers, two doublets at 6 11 .O ( 3 J ~ p  = 7.3 Hz) 
and 10.6 ( 3 J ~ p  = 8.0 Hz) from CH2 groups bonded to Si atoms and singlets at 6 - 
2.3 and -3.4 from non-ring SiMeZ and ring SiMe2 carbon atoms, respectively. 
Only from 'H NMR spectral data, was it possible to assess relative amounts of 
29 and 30. By comparing the relative area of the vinylic proton multiplet at 6 5.8 
(from 29 only) to the total of the closely grouped SiMe2 group resonances at 6 
0.08, 4.02, and 4.05 (from both 29 and 30), it was possible to determine for 
any mixture the approximate 29/30 ratio. Because distillation did not result fully 
in their separation, they were converted by S8 oxidation to the phosphine sulfides 
31/32. These crystallized readily, but even after repeated recrystallizations and 
thin-layer chromatography, could not be obtained as homogeneous separated 
samples. 

In an attempt to further establish the structures of 29 and 30 and to determine 
that the products were not large-ring oligomers, their synthesis was accom- 
plished via a second route. The phosphorinane Me2Si(CH2CH2),PH (9) was 
allowed to react with Me2Si(CH=CH2)2 in toluene in the presence of AIBN at 80 
"C. The resulting product mixture yielded spectral data for a 29/30 mixture, vir- 
tually indentical to those obtained from PH3/Me2Si(CH=CH2)2reactions. Also, 
the S8 oxidation of this yields product whose spectral data are superimposable to 
that obtained from oxidation of 29/30. 

Conclusions 

The studies reported herein have resulted in formation of several new 
organo(sily1)phosphine.s and organophosphines which are of interest as ligands 
and, because they contain the functional P-Si or P-H bonds, as synthons for the 
preparation of other organophosphine derviatives. Our studies also show that 
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whereas silylphosphinehlkene reactions that can form six- and seven- membered 
rings will do just that, other situations which might result in larger ring formation 
generally do not. Whether this is simply a function of the relatively high stability 
of the six- and seven- membered phosphorus-containing rings relative to eight-, 
ten- or twelve- membered rings or in part a characteristic of silylphosphines in 
radical reactions, remains unclear. We plan additional studies to further elucidate 
these questions. 

Acknowledgements 
Support for this work by National Science Foundation grants CHE-8312856 and 
CHE-87 1495 1 is gratefully acknowledged. 

References 
[ l ]  (a) U. S. Borax Inc., 26877 Tourney Rd., Valencia CA 91355-1847; (b) Department of Chern- 

istry and Physics, Western Carolina University, Culowhee, NC 28723. 
[2] (a) D. M. Schubert and A. D. Norman, Inorg. Chem., 23, 4230 (1984). (b) M. L. J. Hackney 

and A. D. Norman, J. Chem. Soc., Chem. Comm., 850 (1986). 
[3] M. L. J. Hackney, R. C. Haltiwanger, P. F. Brandt and A. D. Norman, J. Organometal. Chem., 

359, C36 (1989). 
[4] D. M. Schubert, P. F. Brandt and A. D. Norman. Inorg. Chem., 35,6204 (1996). 
[5] M. L. J. Hackney, D. M. Schubert, P. F. Brandt, R. C. Haltiwanger and A. D. Norman, Inorg. 

Chem., in press. 
[6] G. E. Parshall and R. V. Lindsey, J. Am. Chem. SOC., 81,6273 (1959). 
[7] (a) A. D. Norman, Chem. Comm.. 812 (1968); (b) A. D. Norman and D. C. Wingeleth, Inorg. 

Chem., 9,98 (1970). 
[8] R. H. Shay, B. N. Die], D. M. Schubert and A. D. Norman, Inorg. Chem., 27,2378 (1988). 
[9] D. F. Shriver and M. A. Drezdzon, The Manipulation of Air-Sensitive Compounds, 2nd. ed.; 

Wilev-Interscience: New York. 1986. 
[lo] R. J.Abraharn, The Analysis of High Resolution NMR Spectra; Elsevier Publishing Co.: New 

York, 197 1 .  
[ l l ]  W. Uhlig and A. Tzschach, Z. Anorg. Allgem. Chem., 576,281 (1989). 
1121 R. W. Alder, C. Ganter, C. J. Hams and A. G. Orpen, J. Chem. SOC., Chem. Comm., 1170 

(1992). 
[13] R. W. Alder, C. Ganter, C. J. Harris and A. G. Orpen, J. Chem. SOC., Chem. Comm., 1172 

(1992). 
[I41 G. Fritz and H. Schaeffer, Z. Anorg. Allgem. Chem., 409,137 (1974). 
[15] (a) M. M. Crutchfield, C. H. Dungan, J. H. Letcher, V. Mark and J. R. Van Wazer, Topics in 

Phosphorus Chemistry; Interscience: New York, 1963; Vol. 5. (b) Phosphorus-31 NMR in 
Structure Analysis, J .  G. Verkade, L. D. Quin, eds; VCH Publishers: Deerfield, FL, 1987. 

[ 161 K. L. Marsi, J. Org. Chem., 39, 265 ( 1  974). 
[17] (a) J. B. Lambert, W. L. Oliver Jr., G. F. Jackson IU, Tetrahedron Lem, 25, 2027 (1969). (b) 

J. B. Lambert and W. L. Oliver, Tetrahedron, 27,4245 (1971). 
[18] K .  Issleib, U. Kiihne and F. Krech, Phosphorus and Sulfur; 21,367 (1985). 
1191 (a) D. J. H. Smith, Comprehensive Organic Chemistry; I. 0. Sutherland, ed.; Pergamon Press: 

Oxford, England, 1979, Vol. 2, p 1121. (b) S. D. Venkataramu, G. D. Macdonell, W. R. Pur- 
durn, M. El-Deek and K. D. Berlin, Chem. Rev., 77, 121 (1977). 

[20] (a) S. I. Featherman and L. D. Quin, J. Am. Chem SOC., 95, 1699 (1973). (b) L. D. Quin and 
S. 0. Lee, J. Org. Chem., 43, 1424 (1978). (c) P. J.  Brooks, M. J. Gallagher, A. Samoff and 
M. Bowyer, Phosphorus, Sulfur and Silicon, 44,235 (1989). 

I211 G. D. Macdonell, K. D. Berlin, J. R. Baker, S. E. Ealick. D. van der Helm and K. L. Marsi, 
J. Am. Chem. SOC., 100,4535 (1978). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
4
5
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



160 D. M. SCHUBERT el al, 

[221 R. C. Hinton and F. G. Mann, J .  Chem SOC.. 2835 (1959). 
[231 B. N. Die1 and A. D. Norman, Phosphonrs and Sulfur; 12.227 (1982). 
[24] R. W. Alder, D. D. Ellis, J. K.  Hogg. A. Martin. A. G. Orpen and F? N. Taylor, 1. Chem. SOC., 

Chem. Comm., 537 (19%). 
[25] K. Issleib and P. Thorausch, Phosphorus and Sulfur. 4, 137 (1978). 
1261 A. R.  Stiles, F. F. Rust and W. E. Vaughn, J.  Am. Chem. SOC.. 74,3282 (1952). 
(271 (a) J. Pellon. J. PolvmerSci., 13, 537 (1960). (b) J .  Pellon. J. Am. Chem. Soc.. 83, 1915 (1961). 
I281 T. V. Harris and W. R. Pretzer, Inorg. Chem., 24,4437 (1985). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
4
5
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1


