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Some chemistry of a new class of compounds, (phosphinomethy1)phosphine sulfides, Ph2P(S)CH2PR'R2, is described. Reaction 
with sulfur gives disulfides, Ph2P(§)CH2P(S)R1R2, with sodium gives unsymmetrical di(tertiary phosphines), Ph2PCH2PR1R2. 
with alkyl halides gives phosphonium salts, [Ph2P(S)CH2PR'R2R3]X, and with group 6 metal carbonyls gives a complex 
with phosphorus and sulfur bonded to the metal in a five-membered chelate ring, [Ph2P(S)CH2PR'R2]M(C0)4; heating 
causes the sulfur to transfer to the  more basic phosphorus atom, producing Ph2PCH2P(S)R'R2. Extensive phosphorus 
and  proton NMR data are  given. 

Studies of various unsymmetrical bis-phosphorus ligands phorus atoms which are nonequivalent. These types of 
have been of considerable interest to us ~ e c e n t l y , ' ~ , ~ - ~  since molecules allow for the direct measurement of phosphorus- 
these compounds contain, in the same molecule, two phos- phosphorus coupling, which has received considerable 
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a t t e n t i ~ n ~ , ~ - "  for theoretical and practical bonding investi- 
gations. 

A relatively new class of compounds, Ph2P(S)CH2PR'R2, 
called (phosphinomethy1)phosphine sulfides, first reported by 
Seyferth," provides a novel unsymmetrical system in which 
the phosphorus nuclei are nonequivalent and P-P coupling is 
directly measurable from the 31P N M R  spectra. In addition, 
the coordination chemistry of this type of compound with a 
trivalent phosphorus (phosphine) and a pentavalent phosphorus 
(phosphine sulfide) in the same molecule had not been ex- 
plored. In fact, until r e ~ e n t l y , ' ~ , ' ~  very little work had been 
done on the coordination aspects of phosphine sulfides. 
Ainscough and co-workers14 have prepared group 6 metal 
carbonyl complexes of various tertiary phosphine sulfides. 
There have also been several structural studies on tertiary 
phosphine sulfide coordination  compound^.'^^'^ 

While studies of moncdentate phosphine sulfide coordination 
chemistry are few, even less well studied are the bis(tertiary 
phosphine) sulfides. Slinkard and MeekI3 have synthesized 
Co(II), Ni(II), and Pd(I1) complexes with Ph2P(S)CH2P- 
(S)Ph2. Several workers have studied R'R2P(S)X(S)R3R4 and 
R'2P(S)XP(S)R22 (where X = CH2, 0, S)" metal complexes 
while complexes with anionic ligands such as [Ph2P(S)NP- 
(S)R2]- and [Ph2P(S)CHP(S)PH2]- have also been 
examined. It became apparent to us, then, that the five- 
membered ring chelate system provided by the various 
Ph2P(S)CH2PR'R2 ligands would be a fruitful investigation. 

This paper reports the synthesis of numerous (phosphi- 
nomethy1)phosphine sulfides and their chemical reactions as 
well as extensive phosphorus-3 1 and proton magnetic resonance 
data. 
Experimental Section 

Physical Measurements. Phosphorus-3 1 NMR spectra were re- 
corded on a Varian Associates XL- 100- 12 spectrometer operating 
at 40.5 MHz using 10-mm spinning-sample tubes. A 1-mm capillary 
tube of 85% H3P04 was placed through the center of the cap of the 
IO-" tube as an external reference. An 19F external lock was 
employed; all "P NMR spectra were obtained in the Fourier transform 
(FT) mode. All protons were heteronoise decoupled. Methylene 
chloride was employed as the solvent for the "P NMR spectra. The 
chemical shifts are reported as positive if downfield from H3P04. The 
resolution is at least 1 Hz. 

Proton NMR spectra were recorded on a Varian A-60A spec- 
trometer or the XL-100 instrument (in the FT mode) using CDC13 
as the solvent and 1% TMS as the internal reference. The deuterium 
resonance of CDCI3 served as the field frequency lock signal for the 
XL- 100. 

Infrared spectra of saturated solutions of the metal carbonyl 
complexes were recorded on a Perkin-Elmer Model 225 IR spec- 
trometer using NaCl solution cells with a 0.5-mm sample thickness. 
The bands are accurate to h 2  cm-I. 

Microanalyses were performed by Dr. Franz Kasler, University 
of Maryland. 

Melting points were recorded on a Mel-Temp apparatus and are 
reported uncorrected. 

Preparation of Ph2P(S)CH2PR'R2. The syntheses of the (phos- 
phinomethy1)phosphine sulfide compounds where R' = Ph, R2 = Et, 
Me, i-Pr, NEt2, C1, and R' = R2 = Ph, i-Pr have been described 
el~ewhere.~ 

The compound Ph2P(S)CH2PMe2 (previously reported" but not 
fully characterized) has been prepared in 49-53% yield by our method.4 
It melts at 133-136 OC. 

Anal. Calcd for Cl5Hl8P2S: C, 61.63; H, 6.21; P, 21.19. Found: 
C, 61.57; H, 6.47; P, 21.42. 

Preparation of Ph2P(S)CH(Me)PPh2. This compound was 
prepared in a manner similar to that for PhzP(S)CHzPPh; from 
Ph2P(S)CH(CH3)LiZ0 and Ph2PC1 in 1096 yield. It melts at 169-171 
"C. 

Anal. Calcd for C26H24PzS: c ,  72.42; H, 5.78; P, 14.37. Found: 
C, 72.48; H, 5.84; P, 14.60. 

Preparation of Ph2PCH2P(S)R'R2. All of these compounds were 
prepared by the same procedure. In general, 10.0 g of Ph2P(S)- 
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CH2PR'R2 was dissolved in about 20 mL of diethylene glycol dimethyl 
ether (diglyme). The solution was deoxygenated for 30 min with a 
water aspirator. After nitrogen was admitted to the evacuated flask, 
it was heated to ca. 160 OC in an oil bath. The solution was stirred 
for at least 24 h, when an aliquot of the mixture was checked by 31P 
NMR. The diglyme was removed under reduced pressure and slight 
heating to yield a crude oil of the desired compound. 

After purification of the crude oil by column chromatography with 
alumina, the oil PhzPCH2P(S)PhMe was crystallized as a colorless 
solid, mp 98-101 OC, from absolute EtOH/CH,Cl* in 49% yield. 

Anal. Calcd for CZoH2,,P2S: C, 67.78; H, 5.69; P, 17.48. Found: 
C, 67.78; H, 5.84; P, 17.27. 

The colorless compound Ph2PCH2P(S)Me2, mp 83-84 OC, was 
crystallized from absolute EtOH in 50% yield after purification as 
for the Ph2PCH2P(S)PhMe case. 

Anal. Calcd for CI5Hl8P2S: C, 61.63; H, 6.21; P, 21.19. Found: 
C, 61.49; H, 6.40; P, 20.94. 

The colorless compound Ph2PCH2P(S)Ph(i-Pr), mp 122-125 OC, 
was crystallized from absolute EtOH in 78% yield. It was not 
necessary to purify the crude oil by chromatography. 

Anal. Calcd for C22H24P2S: C, 69.09; H, 6.33; P, 16.20. Found: 
C, 68.82; H, 6.60; P, 16.40. 

The colorless compound PhzPCH2P(S)(i-Pr)2, mp 61-62 OC, was 
obtained from the crude oil (without chromatography) by crystal- 
lization from absolute EtOH in 76% yield. 

Anal. Calcd for C19H26P2S: c, 65.49; H, 7.52; P, 17.78. Found: 
C, 65.22; H, 7.69; P, 17.49. 

Preparation of Phosphonium Salts. About 1-4 g (2-10 mmol), 
generally 2 g, of the appropriate ligand was placed under nitrogen 
in a pressure bottle which could withstand a pressure of approximately 
10 atm along with 25-50 mL of dry benzene and a magnetic stirring 
pea. While this bottle was cooled in ice, ca. 5 mL (greater than a 
tenfold stoichiometric excess) of gaseous MeBr (bp 3.59 "C) was 
condensed in a test tube under Nz and transferred quickly to the 
pressure bottle which was immediately capped. The bottle was placed 
in a water bath maintained at 5C-55 OC and stirred from 1 to 2 days; 
in most cases, a precipitate formed within 1-2 h after heating was 
begun. Before being opened, the bottle was cooled in an ice bath for 
15-20 min. The precipitate that had formed was generally dissolved 
by the addition of CH2C12 to the benzene solution. Removal of the 
solvents by rotary evaporation resulted in colorless solid residues which 
were recrystallized. These salts were not observed to be hygroscopic. 
Analytical and preparative data are summarized in Table I. 

Preparation of Disulfides. In general, a 2-g sample of the ap- 
propriate ligand (ca. 5-7 mmol) was mixed with a stoichiometric 
amount of elemental sulfur in 50 mL of benzene. The mixture was 
refluxed under nitrogen with stirring for 30-60 min. The solution 
was concentrated to an oil which was crystallized as a colorless solid. 
Analytical and preparative data are summarized in Table 11. 

Preparation of LCr(C0)4 Complexes. The synthesis of [PhzP- 
(S)CH2PPh2]Cr(C0)4 will serve as a representative example. A 3.00-g 
(7.10-mmol) sample of the ligand was mixed with 1.69 g (7.3 mmol, 
a slight excess) of Cr(C0)6 and 10 mL of dry diglyme in a 100-mL 
one-necked round-bottomed flask equipped with a side arm and 
stopcock. The mixture was deoxygenated for 30 min by means of 
a water aspirator. Nitrogen was admitted near the middle and at 
the end of this process. The flask was then attached to an apparatus 
which allowed the monitoring of the amount of CO evolved during 
the reaction. With constant stirring, the reaction mixture was heated 
for ca. 5 h at a bath temperature of 120-140 OC during which time 
the solution turned a dark orange with approximately the stoichiometric 
amount of CO being evolved. The apparatus was shaken several times 
during the course of the reaction to return sublimed Cr(C0)6 to the 
reaction flask. After completion of the reaction (no more CO ev- 
olution), the diglyme was removed under vacuum. The residue was 
dissolved in hot CH2CI2 with the desired orange-yellow complex being 
precipitated with hexane. The yield was 3.31 g (79%). Other 
complexes similarly prepared were [Ph2P(S)CH2PPh(i-Pr)]Cr(C0)4, 
[Ph2P(S)CH2PPhMe]Cr(C0)4, [PhP(S)CH2P(i-Pr)2]Cr(C0)4, and 
[Ph2P(S)CH2PMe2]Cr(C0)4. 

Preparation of LMo(CO)~ Complexes. The complexes [Ph2P- 
(S)CH2PPhz]Mo(C0)4, [PhzP(S)CH2P(i-Pr)2]Mo(C0)4, and 
[Ph2P(S)CH2PMe2]Mo(C0)4 were prepared in a manner similar to 
that used for the preparation of [ P ~ z P ( S ) C H ~ P P ~ ~ ] C ~ ( C O ) ~  with 
Mo(CO)6 being allowed to react with the various ligands. 
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Table I. Analytical and Preparative Data of Phosphonium Salts of (Phosphinomethy1)phosphine Sulfides 

Samuel 0. Grim and J. D. Mitchell 

% C  % H  % P  % Br 

Calcd Found Calcd Found Calcd Found Mp, "C Yield, % Compd 

[ Ph,P(S)CH,PPh,Me]+Br- 
[Ph,P(S)CH,PPhE tMe]+Br- 
[ Ph,P(S)CH,PPh(i-Pr)Me]+Br- 
[Ph ,P( S)CH ,PPhMe,]+Br- 
[ Ph,P(S)CH,P(i-Pr),Me]+Br- 
[Ph,P(S)CH ,PMe, ]+Bf 
[Ph,P(S)CH(CH,)PPh,Me]+Br- 
[ MePh ,PCH,P(S)PhM e ]  +Br- 
[ MePh,PCH,P(S)Me, ]+Bf 
[MePh,PCH,P(S)Ph(i-Pr) ]+Br- 
[MePh,PCH,P(S)(i-Pr),]+Br- 

Calcd 

61.06 
57.03 
57.86 
56.13 
54.18 
49.62 
61.63 
56.13 
49.62 
57.86 
54.18 

Found 

61.09 
56.75 
57.63 
56.02 
54.06 
49.32 
60.08 
55.85 
49.70 
57.77 
53.91 

4.93 5.13 
5.44 5.31 
5.70 5.69 
5.16 5.40 
6.59 6.88 
5.47 5.60 
5.31 5.30 
5.16 5.40 
5.47 5.61 
5.70 5.77 
6.59 6.69 

12.11 
13.37 

12.21 15.63 
13.55 17.24 
13.50 16.74 
13.51 17.79 
13.69 18.03 
15.85 20.64 
11.37 15.19 
13.54 17.79 
16.30 20.64 
12.69 16.74 
13.20 18.03 

16.00 
17.10 
17.02 
18.20 
18.40 
20.90 
15.19 
18.30 
20.40 

216-220 46' 
232-236 52b 
220-223 78b 
25 1 56b3C 
164-166 72' 
217-220 93' 

192-195 75' 
254-256 84' 
197 7 9a 
199-201 8Sa 

29 8 20d 

ane. Crystallization 

12.98 
13.79 
13.97 
16.00 
11.77 
13.79 
16.00 
12.98 
13.97 

16.50 
17.75 

a Crystallization solvent i-PrOH/Et,O. Crystallization solvent CHCI,/Et,O. Crystallization solvent CH,Cl,/hex 
solvent CH 2Clz/&Pr OH/Et *O. 

Table 11. Analytical and Preparative Data of (Phosphinomethy1)phosphine Disulfides 

% C  % H  % P  

Compd Calcd Found Calcd Found Calcd Found Mp, "C Yield, % Crystallizn solvent 

Ph,P(S)CH,P(S)PhZa 66.94 66.68 4.95 4.76 13.81 13.07 178-180 65 CH,Cl,/hexane 
Ph,P(S)CH,P(S)PhE t 62.98 62.66 5.54 5.61 15.47 15.35 129-130 65 CH,Cl,/hexane/Et,B 
Ph,P(S)CH,P(S)Ph(f-Pr) 63.75 64.04 5.84 5.91 14.95 14.30 116 65 EtOH/pentane 
Ph,P(S)CH,P(S)PhMe 62.16 61.86 5.22 5.16 16.03 15.49 154-156 31 EtOH/pentane 
Ph,P(S)CH,P(S)(i-Pr 2, 59.97 60.26 6.89 7.10 16.28 15.99 79 36 EtOH/pentane 

Ph,P(S)CH(CH,)P(S)Ph, 67.51 67.48 5.23 5.34 13.39 13.14 221-223 40 CH,Cl,/hexane 
Ph ,P( S)CH ,P( S)Me, 55.54 55.62 5.59 5.62 19.10 19.38 142-144 87 EtOH 

' Previously reported in ref 29 with mp 178 "C. Previously reported in ref 17 with mp 147-148 "C. 

Table 111. Analytical Data of Metal Carbonyl Derivatives of (Phosphinomethy1)phosphine Sulfide Ligands 

% C  % H  % P  
Calcd Found Calcd Found Calcd Found Yield. % Mp, "C Compd 

Ph,P(S)CH,PPh, (Ll) 
3.82 3.79 10.67 
3.55 3.57 9.92 
3.11 3.12 8.70 

Ph,P(S)CH,PPh(i-Pr) (LE) 
4.43 4.60 11.34 
4.10 4.37 10.49 
3.57 3.62 9.13 

Ph,P(S)CH,PPhMe (LIII) 
3.89 3.97 11.95 
3.58 3.71 11.02 
3.10 3.35 9.53 

60.00 
55.78 
48.90 

59.77 
55.5 1 
48.56 

10.63 
9.78 
8.62 

125-130 dec 
128 dec 
146 dec 

79 
90 
70 

57.14 
52.89 
46.03 

56.99 
53.11 
46.04 

11.10 
10.46 
9.20 

Dec pt >115 
63  dec 
Dec pt  >148 

65 
86 
66 

55.60 
5 1.26 
44.33 

55.53 
5 1.32 
41.70 

11.69 
11.30 
10.06 

97-100 
Dec pt > lo0  
105-107 

66 
81 
73 

Ph,P(S)CH ,P(l-Pr) , (Lw) 
5.11 5.40 12.09 53.90 

49.65 
42.87 

53.91 
49.5 1 
42.90 

11.81 
11.40 
9.90 

D e c p t > l l O  
Dec pt > 120 
Dec pt >150 

73 
74 
65 

4.7 1 4.86 11.13 
4.07 4.22 9.61 

Ph,P(S)CH,PMe, (Lv) 
3.98 4.24 13.58 50.00 

45.6 1 
39.79 

49.74 
45.64 
38.81 

13.86 
12.49 
10.23 

Dec pt >155 
Dec pt >155 
Dec pt >185 

49 
76 
73 

3.63 3.77 12.38 
3.08 3.13 10.5 3 

Two of the molybdenum complexes, [Ph2P(S)CH2PPh(i-Pr)]- 
Mo(CQ)4 and [Ph2P(S)CH2PPhMe]Mo(CO)4, were better prepared 
using an exchange reaction with C7H8M~(CQ)4.2 '  

In about 50 m L  of warm, deoxygenated hexane was dissolved a 
2.36-g (7.85-mmol) sample of norbornadienetetracarbonylmolybdenum 
prepared by published procedures.22 Under nitrogen, 3.00 g (7.85 
mmol) of Ph2P(S)CH2PPh(i-Pr) was added in small amounts with 
the formation of a gummy precipitate as  the exchange proceeded. 
Methylene chloride was added to make the solution homogeneous, 
after all of the ligand had been added. The solution was concentrated 
to an oil which was dissolved in i-PrOH/CH2CI2. Pale yellow crystals 
of [Ph,P(§)CH,PPh(i-Pr)]Mo(CO), precipitated; the yield was 3.69 
g (86%). 

The complex [Ph2P(S)CH2PPhMe]Mo(CQ)4 was similarly pre- 
pared but was crystallized from MeQH/CH2CI2. 

Preparation of LW(CQ)4 Complexes. The complexes [Ph2P- 
(S)CH2PPh2] W ( C 0 ) 4  and [Ph2P(S)CH2P(i-Pr)2] W(CO)4 were 
prepared in a manner similar to that used for the preparation of 
[Ph2P(S)CH2PPh2]Cr(CO)4 with the various ligands being allowed 
to react with W(CO)6. 

The  complexes [Ph2P(S)CH2PPh(i-Pr)]W(CQ)~, [Ph2P(S)- 
CH2PPhMe] W(CO), and [Ph2P(S)CH2PMe2] W(CO), were made 
using the exchange method with C7H8W(CQ)4 

In ca. 10 m L  of CH2C12 under nitrogen were dissolved 2.7 g (7.0 
mmol) of C7H8W(C0)423 and 2.66 g (6.96 mmol) of Ph2P(S)- 
CH2PPh(i-Pr). After 30 min of stirring a "P NMR spectrum of an 
aliquot of the solution was taken; it showed only resonances corre- 
sponding to the free ligand. After about 6 h of stirring, a "P NMR 
spectrum showed almost complete complex formation. After being 
stirred overnight, the solution was evaporated to an oil. The complex 
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[Ph2P(S)CH2PPh(i-Pr)] W(C0)4 crystallized from absolute 
MeOH/hexane in a yield of 3.13 g (66%). 

The compound [Ph2P(S)CH2PPhMe] W(C0)4 was similarly 
prepared but was crystallized from absolute MeOH/CH&12. The 
compound [Ph2P(S)CH2PMe2] W(CO)4 was prepared using diglyme 
as the solvent. The complex precipitated almost immediately upon 
formation and was washed with acetone/hexane. Analytical data for 
all of the metal carbonyl complexes are contained in Table 111. 

Proton NMR data for the (phosphinomethy1)phosphine sulfides, 
the phosphonium salts, the disulfides, and the coordination compounds 
of the (phosphinomethy1)phosphine sulfides follow. The data are from 
60-MHz spectra unless (100) appears after the compound, in which 
case the data are from 100-MHz spectra. Abbreviations: m, un- 
resolved multiplet; d, doublet; t, triplet; q, quartet. Order of data: 
proton assignment, italic were necessary; chemical shift (6) in ppm 
from tetramethylsilane; multiplicity, in parentheses; coupling constants, 
in Hz, where known. 

Ph2P(S)CH2PPh(NEt2): Ph, 7.1-8.2 (m); PCHzP and CH2CH3, 
2.5-3.7 (m); CH2CH3, 0.90 (t), 3JHCCH = 7.0. Ph,P(S)CH2PPhCl: 
Ph, 7.1-8.0 (m); PCH'P, 3.51 (d of d), 2 J p ( s ) ~ ~  = 12.0, 2 J p ~ ~  3.1. 
Ph2P(S)CH2PPh2: Ph, 7.0-8.0 (m); PCH2P, 3.32 (d of d), ' J p ( s ) c ~  
= 12.8, 'JpcH = 1.0. Ph2P(S)CH(CHj)PPh2: Ph, 7.0-8.2 (m); PCHP, 
3.5-3.9 (m); CH3, 1.18 (d Of t), 3Jp(s)cc~ = 19.1, 3 J p ~ ~ ~  3 J ~ c c ~  
= 7.5. Ph2P(S)CH2PPhEt (100): Ph, 7.2-7.9 (m); PCHAHBP, 
centered at ca. 2.9 (m), ABMX; HA, 2.98; Hg, 2.85, 'JH,cH, = 14.1; 
CH2CH3, centered at 1.8 (m); CH2CH3, 0.87 (overlapping d oft), 
3JPCCH = 16.7, 3JHCCH = 7.6. Ph2P(S)CH2PPh(i-Pr) (100): Ph, 
7.1-7.9 (m); PCHAHgP, centered at ca. 3.0 (m), ABMX; HA, 3.15; 
Hg, 2.88, ' JH ,CH,  = 14.4; CH(CH3)', centered at ca. 2.0 (m), 'JPCH 

6.9. Ph2P(S)CH2PPhMe (100): Ph, 7.2-8.0 (m); PCHAHBP, centered 
at ca. 2.9 (m), ABMX; HA, 2.97; HB, 2.81, JH,CH, = 14.2; CH3, 1.42 
(d), ' J p c ~  = 4.4. Ph2P(S)CH2P(i-Pr)2 (100): Ph, 7.4-7.5 and 7.8-8.0 
(m); PCHZP, 2.54 (d of d), 'Jp(s)c~ = 13.0, 2 J p ~ ~  = 1.9; CH(CH3)2, 
centered at ca. 1.8 (m); CH(CH3)', 0.97 (d of d), 3JpCCH = 13.1, 
3JHCCH = 6.9. Ph2P(S)CH2PMe2: Ph, 7.3-8.1 (m): PCH2P, 2.64 

Ph2PCH2P(S)PhMe (100): Ph, 7.2-7.4 and 7.7-7.9 (m); PCHzP, 

13.0, 4JpcpcH = 0.7-0.8. Ph2PCH2P(S)Me2: Ph, 7.2-7.8 (m); PCH2P, 

13.2, 4JpCpCH = 0.9. Ph2PCH2P(S)Ph(i-Pr) (100): Ph, 7.2-7.4 and 

CH(CH3)', centered at ca. 2.5 (m); CH(CH3)A(CH3)B (8 lines); 

= 2.5; CH(CH~)A(CH~)B (8 lines); (CH,),, 1.08 (d Of d), 3 J p c c ~  = 
15.9, 3 J ~ c c ~  = 7.0; (CH,)g, 0.80 (d O f  d), 3 J p c c ~  = 13.8, 3 J ~ c c ~  = 

(d), 'Jp(S)cH = 13.0, 'JpCH 0; CH3, 1.08 (d), 'JPCH = 3.8. 

2.96 (d), 'Jp(s)CH = 13.2, 'JpCH 0; CH3, 1.93 (d of d), 2Jp(s)cH = 

2.84 (d), 'Jp(s)CH = 14.0, 2Jp1pcH 0; CH3, 1.64 (d of d), 2 J p ( ~ ) c H  = 

7.7-7.9 (m); PCHZP, 2.96 (d of d), 2 J p ( ~ ) ~ H  = 12.2, ' J p c ~  = 1.2; 

(CH~),A,, 1.26 (d Of d), 3 J p c c ~  = 18.3, 3JHccH = 6.8; (CH~)B,  0.95 
(d Of d), , J p c c ~  = 18.8, 3 J ~ ~ ~ ~  = 6.9. Ph2PCH2P(S)(i-Pr)2 (100): 
Ph, 7.3-7.6 (m); PCHZP, 2.67 (d of d), 'JP(S)CH = 12.0, 2 J p ~ ~  = 1.2; 
CH(CH3)', centered at ca. 2.3 (m); CH(CH3)A(CH3)B (8 lines); 
(CH,),, 1.20 (d Of d), 3Jpcc~ = 17.2, 3 J ~ c c ~  = 7.0; (CH3)g, 1.15 
(d Of  d), 3 J p c c ~  = 17.0, 3 J ~ ~ ~ ~  = 6.9. 

d), JP(s)cH = 12.6, ' J p ( + ) c ~  = 15.6; CH3, 2.96 (d), 2Jp (+)cn  = 13.9. 
[Fh2P(S)CH2PPh2Me]Br: Ph, 7.1-8.4 (m); PCH2P, 5.32 (d of 

[Ph2P(S)CH(CH3)PPh Me]Br (100): Ph, 7.1-8.0 and 8.2-8.8 (m); 
PCHP, 6.52 (m, q with "P double irradiation), 3JHCCH = 7.0; PCH3, 
2.80 (d), 2 J p ( + ) c ~  = 13.4; PCH(CH3)P, 1.60 (d Of d Of d), 3 J ~ c c ~  
= 7.0, 3JP(+)CCH or 3JP(S)CCH = 16.8, 3JP(+)CCH or 3JP(S)CCH = 18.2. 
[Ph2P(S)CH2PPhEtMe]Br (100): Ph, 7.1-8.2 (m); PCHAHBP, 
centered at ca. 5.2 (m), ABMX; HA, 5.31; Hg, 5.00, 2 J ~ r A ~ ~ B  15.1; 
CH2CH3, 3.40 (m, q with 31P irradiation), 3 J H ~ ~ ~  = 7.6; PCH3, 2.69 

= 7.6. [Ph2P(S)CH2PPh(i-Pr)Me]Br (100): Ph, 7.1-8.3 (m); 
PCHAH P, HA, 5.71 (6 lines, d of d of d), 'JH,cH, = 15.2, 'JP(s)cH, 

CH(CH3)2, centered at ca. 4.3 (m); PCH3, 2.52 (d), 2Jp(+)cH = 12.7: 

[Ph2P(S)CH2PPhMez]Br (100): Ph, 7.1-8.2 (m): PCH2P, 5.30 (d 

14.5. [Ph2P(S)CH2P(i-Pr)2Me]Br (100): Ph, 7.3-7.6 and 8.3-8.5 
(m); PCH'P, 4.60 (d of d), 'JP(S)CH = 13.4, 2 J p ( + ) ~ ~  = 14.8; CH- 
(CH3)2, centered at ca. 3.3 (m); PCH3, 1.97 (d), JP(+)CH = 12.6; 

[Ph2P(S)CH2PMe3]Br (100): Ph, 7.5-7.6 and 8.2-8.4 (m); PCH2P, 

(d), 2 J p ( + ) ~ ~  E 13.6; CH2CH3, 1.01 (d Oft), 'JPCCH = 21.1, 3 J ~ c c ~  

= 12.2, P J ~ ( + ) c H ,  = 15.2; HM, 4.25 (overlaps with CH(CH3)2 (m)); 

CH(CH~)A(CH~)B (8 lines); (CH~)A,  1.53 (d Of d), 3 J p ~ ~ ~  = 18.8, 
3 J ~ c c ~  = 7.0: (CH3)g, 1.04 (d O f  d), ' J p c c ~  = 19.8, 3 J ~ c c ~  = 7.3. 

of d), 2 J p ( s ) ~ ~  = 12.4, ' J p ( + ) c ~  = 16.3; PCH3, 2.71 (d), 'JP(+)cH = 

CH(CH~)A(CH~)B (6 lines); (CH~)A, 1.33 (d Of d), 3 J p ~ ~ ~  = 18.0, 
,JHCCH = 6.9; (CH~)B,  1.26 (d Of d), , J p c c ~  = 18.0, 3 J ~ ~ ~ ~  = 7.1. 

4.69 (d Of d), 2 J p ( ~ ) ~ ~  = 12.9, ' J p ( + ) c ~  = 16.4; CH3,2.10 (d), 'JP(+)CH 
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= 14.1. [MePh2PCH2P(S)PhMe]Br (100): Ph, 7.3-8.3 (m); 
PCHAHBP (m), ABMX; HA, 5.33 (6 lines, d of d of d), 'JH,cH, = 
15.1, 'Jp(s)cH, = 13.2, 2 J p ( + ) ~ H A  = 15.4; HB, 4.77 (6 lines, d of d of 
d), 'JH,cH~ = 15.1, 'Jp(s)c~~ = 12.3, 3 J p ( + ) ~ ~ B  = 15.1; P(+)CH3, 2.85 
(d), 'JP(+)CH = 13.8; P(S)CH3, 2.20 (d O f  d), 'JP(S)CH = 13.6, 4JpcpcH 

PCHIP, 4.99 (d of d), 2 J p ( s ) ~ H  = 12.8, 'JP(+)CH = 15.9; P(+)CH3, 
3.00 (d), 'JP(+)CH = 13.9; P(S)CH3, 1.81 (d of d), ' J p ( s ) c ~  = 13.2, 

= 1.5. [MePh2PCH2P(S)Me2]Br (100): Ph, 7.5-7.8 and 8.0-8.2 (m); 

4JPCpCH = 1.2. [MePh2PCH,P(S)Ph(i-Pr)]Br (100): Ph, 7.2-8.1 
(m); PCHAHMF, HA. 5.95 (6 lines, d of d of d), 'JH,cH, = 15.2, 
:JP(s)cH~ = 10.5, 2 J p ( + ) ~ ~ ,  = 15.1; HM, 3.99 (6 lines, d of d of d), 
JH~cH,., = 15.2, 'JP(s)cH, = 13.1, 'JP(+)CH%= 15.8; CH(CHd2, 

centered at ca. 3.2 (m); P(+)CH3, 2.75 (d), Jp (+)cH = 13.9; CH- 
(CH~)A(CH~)B (8 linf%); (CH~)A, 1.45 (d of d), 'Jpcce = 22.2, 3 J ~ ~ ~ ~  
= 6.8; (CH,)g, 0.77 (d Of d), 3Jpcc~ = 21.5, 3 J ~ ~ ~ ~  = 6.9. 

PCHIP, 4.50 (d of d), 'JP(S)CH = 9.9, 'Jp(+)c~ zz 16.5; P(+)CH3,2.97 

(CH~)A(CH~)B (8 lines); (CH~)A, 1.20 (d ofd), 3 J p c ~ ~  = 18.6, 'JHCcH 
= 6.8; (CH,),, 1.16 (d Of d), 3 J p c c ~  = 18.8, 3 J ~ c c ~  = 7.0. 

[MePh2PCH2P(S)(i-Pr)2]Br (100): Ph, 7.5-7.7 and 8.0-8.2 (m); 

(d), 2 J p ( + ) ~ ~  13.9; CH(CH3)2, centered at ca. 2.4 (m); CH- 

Ph,P(S)CH,P(S)Ph2: Ph, 7.1-8.0 (m); PCHzP, 3.98 (t), 'JP(S)CH 
= 13.5. PhzP(S)CH(CH3)P(S)Ph2: Ph, 7.1-8.3 (m); PCHP, centered 

Ph2P(S)CH2P(S)PhEt: Ph, 7.0-8.0 (m); PCH2P, centered at 3.5 
(distorted t); CH2CH3, centered at ca. 2.7 (m); CH2CH3, 1.1 3 (d of 

7.0-8.1 (m); PCH2P and CH(CH3)', 3.2-3.8 (overlapping m); 

at Ca. 4.2 (m); CH3, 1.43 (d Oft), 3 J p ( s ) c c ~  = 17.5, 3 J ~ c c ~  = 7.0. 

t), 3 J p ( s ) c c ~  = 21.8, 3 J ~ c c ~  = 7.4. Ph2P(S)CH2P(S)Ph(i-Pr): Ph, 

CH(CH~)A(CH~)B (8 lines); (CH3),4, 1.44 (d Of d), 3 J p ( ~ ) ~ ~ ~  = 19.7, 
,JHCCH = 6.8; (CH,)g, 0.98, 3 J p ( ~ ) ~ ~ ~  = 19.9, 3 J ~ c c ~  = 7.0. 
Ph2P(S)CH2P(S)PhMe (100): Ph, 7.1-8.0 (m); PCHAHgP, centered 
at ca. 3.5 (distorted t), ABXY; HA, 3.55, ' J H , C H ~  = 15.3; Hg, 3.51: 
CH3, 2.38 (d), 2 J p ( ~ ) ~ ~  = 13.6. Ph2P(S)CH2P(S)(i-Pr)2 (100): Ph, 
7.4-8.0 (m); PCH2P, 3.31 (d of d), 'Jp(ph)c~ = 12.2, 2 J p ( , . ~ ) c ~  = 13.8; 
CH(CH3)', centered at ca. 2.8 (m); CH(CH,)A(CH~)B (8 lines); 
(CH,),, 1.18 (d Of d), 3 J p ( s p  = 18.2, 3 J ~ ~ ~ ~  = 7.1; (CH,)g, 1.05 
(d of d), 3Jp(S)CCH = 18.2, JHCCH = 7.1. Ph2P(S)CH2P(S)Me2:" 
Ph, 7.4-8.2 (m); PCH'P, 3.45 (d of d), 'Jp(ph)CH = 12.5, ' J ~ ( M ~ ) C H  
= 15.0; CH3, 1.87 (d), 2 J p ( ~ ) ~ ~  = 13.5. 

[Ph2P(S)CH2PPh2]Cr(C0)4: Ph, 7.1-7.8 (m); PCH2P, 3.63 (d 
of d), 2 J p ( ~ ) ~ ~  = 10.0, 'JPCH = 7.8. [ P ~ ~ P ( S ) C H ~ P P ~ ~ ] M O ( C O ) ~ :  
Ph, 7.1-7.8 (m); PCH'P, 3.62 (d of d), 'JP(S)CH = 10.0, 'JPCH = 7.5. 
[Ph2P(S)CH2PPh2] W(C0)4: Ph, 7.1-7.7 (m); PCH2P, 3.70 (d of 
d), ' JP (~ )CH = 10.5, ' J p c ~  = 7.6. [Ph2P(S)CH2PPh(i-Pr)]Cr(CO),: 
Ph, 7.2-8.0 (m): PCH2P, centered at ca. 3.4 (distorted d of d), ABMX; 
CH(CH3)2, centered at ca. 1.9 (m); CH(CH3)A(CH3)B, (CH3)+, 1.13, 

= 6.5. [Ph2P(S)CH2PPh(i-Pr)]Mo(C0)4 (100): Ph, 7.0-7.9 (m); 
PCHAHBP, centered at ca. 3.3 (m), ABMX, HA, 3.39; Hg, 3.22, 
'JH,CH, = 14.5; CH(CH3)2, centered at ca. 1.9 (m); CH(CH~)A(CH~)B 

Pr)]W(C0)4: Ph, 7.2-8.0 (m); PCH'P, centered at ca. 3.5 (m), 
ABMX; CH(CH3)2, centered at ca. 1.9 (m); CH(CH~)A(CH~)B (8 

3JpCCH = 17.4, ,JHCCH = 7.1; (CH3)g, 1.02, ,JpCCH = 13.0, JHCCH 

(8 lines); (CH,),, 1.10 (d Of d), 3Jpcc~ = 18.8, 3 J ~ ~ ~ ~  = 6.8; (CH3),, 
0.96 (d O f  d), 3 J p c c ~  13.7, 3 J ~ ~ ~ ~  = 6.6. [Ph,P(S)CH2PPh(i- 

lines); (CH,),, 1.12 (d ofd), 3 J p ~ ~ ~  = 19.0, 3 J ~ c c ~  = 7.0; (CH,)g, 
1.00 (d O f  d), 3 J p c c ~  = [Ph,P(S)- 15.0, 3 J ~ c c ~  = 7.0. 
CH2PPhMe]Cr(C0)4: Ph, 7.2-8.1 (m); PCH2P, centered at ca. 3.3 
(m), ABMX; CH3, 1.68 (d), 2 J p ~ ~  = 5.5. [Ph2P(S)CH2PPhMe]- 
Mo(CO),: Ph, 7.2-8.0 (m); PCH2P, centered at ca. 3.3 (m), ABMX: 
CH3, 1.62 (d), 'JPCH = 5.0. [PhzP(S)CH2PPhMe]W(CO)4: Ph, 
7.1-8.0 (m); PCH2P, centered at ca. 3.4 (m), ABMX; CH,, 1.75 (d), 
' J ~ c H  = 6.0. [Ph2P(S)CH2P(i-Pr)2]Cr(C0 4 100 : Ph, 7.4-7.9 (m); 

centered at ca. 2.1 (m); CH(CH~)A(CH~)B (8 lines); (CH,),, 1.25 
2 '  1: €'CHIP, 2.87 (d Of d), 'JP(S)CH = 10.5, JPCH 7.6; CH(CH3)2, 

(d Of 4 ,  3 J p c ~ ~  = 14.2, 3 J ~ c c ~  = 6.9; (CH~)B,  1.23 (d Of d), ,JPCCH 
= 14.6, 3 J ~ c c ~  7.1. [P~~P(S)CH,P(LP~),]MO(CO)~ (100): Ph, 
7.4-8.0 (m); PCH2P. 2.83 (d of d), 2 J p ( ~ ) ~ H  10.6, 'JpCH = 6.8; 

(CH~)A, 1.22 (d Ofd), 3 J p ~ ~ ~  = 14.5, ,JHCCH = 6.8; (CH,)g, 1.19 
(d Of d), 3Jpc~~ = 15.0, 3 J ~ c c ~  = 7.1. [Ph2P(S)CH2P(i-Pr)2]W(C0)4: 

CH(CH3)2, centered at ca. 1.9 (m); CH(CH~)A(CH,)B (8 lines); 

Ph, 7.6-8.2 (m); PCH2P, 2.99 (d of d), 2 J p ( ~ ) ~ ~  = 10.6, 2 J ~ ~ ~  = 7.0; 
CH(CH3)~, centered at ca. 2.0 (m); CH(CH3)A(CH3)B (8 lines); 
(CH,),, 1.27 (d Of d), 3 J p c c ~  = 14.8, 3 J ~ ~ ~ ~  = 6.8; (CH3)g, 1.22 
(d Of d), 'Jpcc~ = 15.6, 3 J ~ c c ~  = 7.2. [Ph2P(S)CH2PMe2]Cr(C0)4 
(100): Ph, 7.4-7.9 (m); PCHZP, 2.98 (d of d), 2 J p ( s ) ~ ~  = 10.1, 'JpcH 
= 7.7; CH3, 1.50 (d), 2 J p ~ ~  6.2. [ P ~ ~ P ( S ) C H ~ P M ~ ~ ] M O ( C O ) ~  
(100): Ph, 7.5-7.9 (m); PCHZP, 2.94 (d of d), 'JP(S)CH =I 10.4, ' J p c ~  
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= 7.7; CH3, 1.45 (d), *JKH = 6.0. [Ph2P(S)CH2PMe2]W(CO)4 (100): 
Ph,  7.4-7.9 (m); PCH2P, 3.01 (d of d), 2Jp(s)cH = 10.2, *JPcH = 8.0; 

Results and Discussion 
The following reaction sequence is used to form the 

(phosphinomethy1)phosphine sulfides 
Ph,PS + MeLi --t Ph,P(S)CH,Li t PhH (1) 

Ph,P(S)CH,Li + R'R2PCl-+  Ph,P(S)CH,PR'R' t LiCl (11) 

The mechanism of reaction I has been investigated and dis- 
cussed elsewhereS2' It includes an exchange reaction (eq Ia) 
Ph,PS + MeLi --t Ph,P(S)Me + PhLi (la) 

and subsequent metalation (eq Ib). We have previously 
Ph,P(S)Me + PhLi + Ph,P(S)CH,Li + PhH (Ib) 

reported the details of reaction IIS4 It is important in reaction 
IT to have the phosphinous chloride in excess during the re- 
action; Le., Ph2P(S)CH2Li should be added slowly to the 
rapidly stirred solution of phosphinous chloride; otherwise 
extensive amounts of side products result as shown in reaction 
111. This series of reactions is similar to those reported for 

Ph,P(S)CHzPR'R2 + Ph,P(S)CH,Li -+ Ph,P(S)CHLiPR'R' 
+ Ph,P(S)Me (111) 

Ph3P0  with organolithium However, unlike the 
reaction of Ph2P(0)CH2Li with R'R'PCl, which produces a 
mixture of products," the reactions described here for the 
sulfur analogue occur in good yield with isolatable products. 

The phosphino group of the (phosphinomethy1)phosphine 
sulfides undergoes the expected reactions of a tertiary 
phosphine. Specifically, it can be quaternized by reaction with 
methyl bromide in benzene (eq IV) or oxidized by the direct 

Ph,P(S)CH,PR'R' + MeBr -f [Ph,P(S)CH,PCR'R2Me]Br~ (IV) 

reaction of sulfur in benzene (eq V). 
Ph,P(S)CH,PR'RZ + S --* Ph,P(S)CH,P(S)R'R' W) 

Likewise, the thiophosphoryl group exhibits normal behavior 
by being readily reduced with sodium or hexachl~rodisilane~~ 
to produce unsymmetrical di(tertiary phosphines) (eq VI). 

1VU 

We found no evidence for salt formation, viz., [R3PSMe]+, 
of the tertiary phosphine sulfide during the quaternization of 
the tertiary phosphine moiety with methyl bromide. More 
active methylating agents such as trimethyloxonium and 
dimethyl sulfate have been shown" to produce salts with 
tertiary phosphine sulfides. 

The juxtaposition of the phosphino and thiophosphoryl 
groups in the same molecule provides for an additional unique 
reaction.28 It is a well-known synthetic procedure, for example, 
in which sulfur is transferred to tributylphosphine from sulfides 
of tertiary hosphines of lesser basicity, especially triaryl- 
phosphines!' The present system allows for this transfer in 
the same molecule (reaction VII). When dimethylphos- 

Ph,P(S)CH,PR1R2 -f Ph,PCH,P(S)R' R2 (VW 

phino(diphenylthiophosphory1)methane is heated at  ca. 160 
OC in an inert solvent such as diglyme, the sulfur transfer from 
the less basic diphenylphosphino group to the more basic 
dimethylphosphino group occurs readily and the product is 
formed in good yield (85% estimated from ' H  N M R  peak 
areas; 50% isolated). In a previous study of phosphine- 
phosphine oxides," pure Ph2P(0)CH2PPhEt was not isolated 
but the "self-redox" reaction of the compound to form 
Ph,PCH,P(O)PhEt was suggested. Unlike the oxide case, 

CH3, 1.58 (d), 2JpcH = 6.8. 

Ph,P(S)CH,PR1R2 t 2Na + Ph,PCH,PR'R2 + Na,S 

Samuel 0. Grim and J. D. Mitchell 
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Figure 1. Proton NMR spectrum of the reaction mixture Ph2P- 
(S)CH2PMe2 - Ph2PCH2P(S)Me2 after 2.5 h at 158 OC. The 
compounds present are Ph2P(S)CH2P(S)Me2 (A), PH2PCH2P(S)Me2 
(B), PH2P(S)CH2PMe2 (C), and PH2PCH2PMe2 (D). Label 1 
indicates the methylene assignment; 2 indicates the methyl group 
assignment; the phenyl area is not shown. The chemical shifts and 
coupling constants are  given in Table IV. 

however, the Ph2P(S)CH2PR'R2 compounds are easily iso- 
lated, are stable at ambient temperatures, and must be heated 
to effect the sulfur exchange. 

The sulfur-exchange reaction is general for all Ph2P(S)- 
CH2PR'R2 complexes examined, viz., R '  = R 2  = Me, i-Pr 
(gross yield by 'H N M R  >95%; isolated yield 76%), R' = Ph, 
R2 = Me (gross yield 67%; isolated 49%), and R2 = i-Pr (gross 
yield >95%; isolated 78%). The bulkier isopropyl groups do 
not seem to deter the rate nor lower the extent of reaction. 
These four compounds were selected for study because the 
progress of the reaction can be easily monitored by observation 
of the 'H N M R  spectra of the methyl and methylene regions. 
It was also noted in the 'H N M R  of aliquots of the reaction 
mixture that two intermediates, viz., the disulfides and the 
reduced di(tertiary phosphines), appeared early in the progress 
of the reaction in small, approximately equivalent amounts 
and then remained essentially constant throughout the re- 
mainder of the reaction. Although the methyl region of the 
' H  N M R  spectra is rather complex (see Figure l ) ,  the as- 
signments can be made unequivocally because the two in- 
termediate compounds have also been independently syn- 
thesized, isolated, and characterized (see Experimental Section 
and Table IV). Additionally, the bridging methylene group 
aids in the assignments. For example, in the case of R '  = R 2  
= Me, the four compounds involved are the reactant Ph2P- 
(S)CH2PMe2 (C), the intermediates Ph2P(S)CH2P(S)Me2 (A) 
and Ph2PCH2PMe2 (D),26 and the product Ph2PCH2P(S)Me2 
(B). The methylene protons of A are adjacent to two relatively 
electronegative thiophosphoryl groups and thus their signal 
appears furthest downfield (6 3.45) and is coupled to each of 
the pentavalent phosphorus atoms by a relatively large amount 
(12.5 and 15.0 Hz) appearing as an overlapping doublet of 
doublets (almost a triplet). The methylenes of B and C lie 
between one relatively electronegative thiophosphoryl with 
large coupling to it (14.0 and 13.0 Hz, respectively) and a 
phosphino phosphorus with little coupling to it (ca. 0 Hz). The 
C H 2  signals for B and C are thus doublets (unfortunately 
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Table V. Phosphorus-31 NMR Data for 
(Phosphinomethy1)phosphine Sulfides and Derivatives 

SPPh,? SPR'R'? VPPl: 
Compd ppm ppm Hz 

Table IV. Summary of Proton NMR Data for P-CH, 

R'  = Ph, R2 =Me R'  = R 2  = M e  

SMe? IJPCXI, &Me? I J ~ c H I ,  

Ph,P(S)CH,PR' R Z  1.42 4.4 1.08 (C)b 3.8 (Qb 

Compd PPm Hz ppm Hz 

[Ph,P(S)CH,PR' R'] - 
M(CO), 

M = C r  1.68 5.5 1.50 6.2 
M = M o  1.62 5.0 1.45 6.0 
M = W  1.75 6.0 1.58 6.8 

Ph,PCH,P(S)R' R 2  1.93 13.0 1.64 ( B ) b  13.2 (B)b 
Ph,P(S)CH,P(S)RIRZ 2.38 13.6 1.87 ( A ) b  13.5 (AIb 
[ M ePh, PCH , P( S)- 2.20 13.6 1.81 13.2 

[Ph,P(S)CH,PR'R'- 2.71 14.5 2.10 14.1 

Ph,PCH,PR'R2 1.36 3.6 1.06 (D)b 2.6 (D)b 
Letter 

refers to compound discussed in text under the sulfur-transfer re- 
action. ' Reference 26. 

overlapping) of intermediate chemical shift (2.84 and 2.64 
ppm, respectively). The methylene of D lies between two 
trivalent phosphorus atoms, is coupled to them by an insig- 
nificant magnitude, and appears as a singlet relatively upfield, 
6 2.12. A similar analysis can be given for the methyl region 
of the four compounds A-D (Figure 1 and Table IV). 

Although the mechanism has not yet been established, 
preliminary kinetic measurements and the observation of 
Ph2P(S)CH2P(S)Me2 and Ph2PCH2PMe2 indicate that the 
reaction is not a simple intramolecular sulfur-transfer process. 
A separate reaction between pure starting materials, Ph2P- 
(S )CH2P(S)Me2  and Ph2PCH2PMe2,  does produce 
Ph2PCH2P(S)Me2 in good yield. These processes are being 
investigated further. 

The (phosphinomethy1)phosphine sulfides react with 
Cr (C0)6  and M o ( C O ) ~  in diglyme at  about 120-140 "C to 
produce chelate complexes in which the phosphino phosphorus 
and the sulfur are the donor atoms, thus producing a five- 
membered chelate ring. Although the chelate behavior of 
di(tertiary phosphines)3330 has been investi ated extensively 

ligands here represent a new type of chelate ring. Recently, 
some bidentate phosphorus-sulfur ligands have been pre- 
pared,31 but their coordination chemistry has not been reported. 

The reaction of Ph2P(S)CH2PR'R2 with W(CO)6 in di- 
glyme normally requires higher temperatures than for 
M o ( C O ) ~  and Cr(C0)6 ,  and the sulfur-transfer reaction 
becomes competitive with the carbonyl substitution reaction 
so that a mixture can result. Thus, the tungsten derivatives 
were better prepared by the displacement of norbornadiene 
from C7H8W(C0)4  in dichloromethane solution at  room 
temperature. Some of the molybdenum complexes were also 
prepared in this manner. 

Phosphorus-31 N M R  data are given in Table V for the 
(phosphinomethy1)phosphine sulfides and the phosphonium 
salts and disulfide derivatives. The Ph2P(S)CH2PR'R2 
compounds are characterized by two sets of doublets, one set 
to the high-field side of H3P04,  assigned to the phosphino 
group, and the other set downfield from H3P04,  assigned to 
the phosphine sulfide. The chemical shifts for the -PR1R2 
group correlate with the published group  contribution^^^ of 
R '  and R2 and can be predicted by using Ph2P(S)CH2PPh2 
(-CH2PPh2, -28 ppm) as the model compound. 

Phosphorus-phosphorus coupling (56-77 Hz) is directly 
observable in the 31P spectra since the phosphorus atoms are 
nonequivalent. An increase in the magnitude of 2Jpp is ob- 
served as the bulkiness of the R' and R2 groups increases. A 
bulkier group results in larger bond angles around the 
phosphino phosphorus with a concomitant increase in the s 

R' R Z ]  +Br- 

Me]+Br- 

a Refers to CH, on the R'-R2 end of the compound. 

and that of di(tertiary phosphine) sulfidesi2,' P l6 somewhat, the 

Ph,P(S)CH,PMe, 
Ph,P(S)CH,PPhMe 

Ph,P(S)CH,PPhEt 

Ph,P(S)CH,PPh(i-Pr) 

Ph,P(S)CH,PPh, 

Ph , P(S)CH , P(i-Pr) , 
Ph,P(S)CH(CH,)PPh, 
Ph,PCH,P(S)M e, 
Ph,PCH,P(S)PhMe 
Ph ,PCH,P(S)Ph(i-Pr) 
Ph,PCH ,P(S)(i-Pr) 
Ph,P(S)CH,P(S)Me, 

Ph,P(S)CH,P(S)PhMe 
Ph,P(S)CH ,P(S)PhEt 
Ph,P(S)CH,P(S)Ph, 

Ph,P(S)CH,P(S)Ph(i-Pr) 
Ph,P(S)CH,P(S)(i-Pr), 
Ph,P(S)CH(CH ,)P(S)Ph, 
[ Ph,P( S)CH,PMe, ] +Br- 
[Ph,P(S)CH,PPhMe,] +Br- 
[Ph,P(S)CH,PPhEtMe] +Br- 
[Ph,P(S)CH,PPh,Me] +Br- 
[Ph,P(S)CH,PPh(i-Pr)Me] 'Br' 
[Ph,P(S)CH,P(i-Pr),Me]+Br' 
[ Ph,P(S)CH(CH,)PPh,Me] +BY 
[ MePh,PCH,P(S)Me,] +Br- 
[ MePh,PCH,P(S)PhMe] +Br- 
[MePh,PCH,P(S)Ph(i-Pr)] 'Br- 
[Meph,PCH,P(S)(i-Pr)*]+Br- 

39.0 
39.1 
(39.7) 
39.6 
(39.9) 
40.5 
(40.9) 
40.1 
(40.5) 
41.6 
(41.9) 
51.8 

-26.2 
-27.1 
-27.7 
-27.8 

32.4 
(32.8) 
33.3 
33.3 
34.6 
(36.8Id 
33.1 
31.9 
46.5 
33.3 
33.7 
33.7 
33.7 
33.1 
33.4 
46.9 
20.4 
20.2 
20.7 
22.9 

-53.8 56 
4 3 . 3  66 

( 4 2 . 8 )  (67 Ib  
-30.9 68 

(-30.6) (68)b 
-19.3 71 

(-19.0) (72)b 
-28.0 76 

(-28.1) (79)b 
-9.3 77 

-13.0 95 
(-9.4) ( 7 7 P  

35.4 62  
36.9 68 
55.1 65 
65.6 52 
35.3 17 

34.6 16 
44.4 15 

(35.9)C 

53.3 18 
69.5 16 

27.4 12 
22.9 12 
28.3 12 
21.2 9 
32.1 13 
44.2 14 
27.8 0 
34.5 12 
33.5 12 
50.7 15 
64.4 14 

a Positive values are ppm downfield from 85% H,PO,. Refer. 
ence 4.  ' Reference 17. Reference 29. 

character of the bonds (the lone pair gets more p character), 
which, as noted by  other^,^^,^^ contributes to increasing Jpp. 
Introduction of a methyl group for one of the bridging 
methylene protons results in the expected32 downfield chemical 
shift for both phosphorus atoms in Ph2P(S)CH(CH3)PPh2. 
However, 'JPp is unusually large (95 Hz) in this compound. 
The negligible 2Jpp in [Ph2P(S)CH(CH3)PPh2Me] Br is also 
anomalous compared to the other phosphonium salts in the 
series with a bridging methylene group. 

Upon sulfurization or quaternization, the chemical shift of 
the phosphino group moves downfield, as expected, consistent 
with a change from P(II1) to P(V) or P'. The chemical shifts 
for the diphenylthio hosphoryl group remain fairly constant 

R'R', ca. 33 ppm, and for [Ph2P(S)CH2PR'R2Me]+Br-, ca. 
34 ppm. Likewise the diphenylphosphino group in 
Ph2PCH2P(S)R'R2 has a 31P shift of about -27 ppm and the 
diphenylmethylphosphonium group has a shift of about 21 ppm 
in [MePh2PCH2P(S)R1R2]+Br-. These constant values for 
a particular type of phosphorus functional group were very 
useful in making the chemical shift assignments for the 
compounds. Also, the phosphonium group shifts correlate with 
earlier roup contributions in phosphonium salts.35 

The I Jppl values for the disulfides and phosphonium salts 
are small and relatively constant at 16 and 12 Hz, respectively, 
with the exception of that for [Ph2P(S)CH(CH3)PPh2MelCBr- 
as noted above. With both sulfurization and quaternization, 
the s character of the phosphorus bonds should increase as the 
quadruply connected phosphorus approaches sp3 hybridization. 
In addition, the effective nuclear charge increases upon 

for Ph2P(S)CH2PR 7 R2, ca. 40 ppm, for Ph2P(S)CH2P(S)- 

4 
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Table VI. Phosphorus-3 1 NMR Data of (Phosphinomethy1)phosphine Sulfide-Metal Carbonyl Complexes 

Species GPph,a 6 PR' ~2~ A p ~ l ~ 2 ~  IJpp1,HZ IJpph,wI, HZ 

Ph,P(S)CH ,PMe, ( Lv) +39.0 -53.8 5 6  
LvCr(CO), +57.3 t 18.3 t 4 2 . 5  t 9 6 . 3  78 
LVMO(CO), +54.9 +15.9 +13.2 +67.0 7 1  
LVWCO), t 5 9 . 1  t 2 0 . 1  -4.2 +49.6 7 1  232 

Ph,P(S)CH,PPhMe (LIII)' +39.1 -43.3 66 
LrIICr(C0) t 5 6 . 8  + 17.7 t 5 0 . 2  +93.5 79 
L I I I M ~ ( C O ) ~  t 5 4 . 6  +15.5 +23.7 +67.0 7 3  
LIIIw(co)4 t 5 8 . 9  +19.8 +8.8 +52.1 73 24 1 

Ph,P(S)CH,PPh, ( L I ) ~  +40.1 -28.0 7 6  
LKXCO), +57.5 f 1 7 . 4  t 6 3 . 9  +91.9 83  
LIMo(CO), +55.5 t 1 5 . 1  +37.9 +65.9 7 8  
LIW(C Q) f 5 9 . 6  + I 9 3  t 2 5 . 2  -1-53.2 76 240 

Ph,P(S)GH,PPh(i-Pr) (Lrr)' +40.5 -19.3 7 1  

LIIMo(CO), f 5 5 . 3  +14.8 t 4 5 . 7  +65.0 7 0  
LIIW(CO), +59.7 +19.2 t 3 3 , O  +52.3 6 8  238 

LIvCr(CO), +57.9 +16.3 t 8 2 . 3  t 9 1 . 6  7 0  
LivMo(C 01, +55.5 t 1 3 . 9  +60.5 +69.8 6 4  
LI VW(c 0) 4 +60.2 +18.6 +49.0 f 5 8 . 3  62 227 

LrIWCO), +57.2 i-16.7 t 6 8 . 7  t 8 8 . 0  77 

Ph,P(S)CH,P(i-Pr), (LIv)' +41.6 -9.3 77 

a In ppm referenced externally to  85% H,PO,; + ppm indicates downfield chemical shift from 85% H,PO,. A = coordination chemical 
shift = 6 complex - 6 free ligand. These data are more accurate than those reported in ref 4. 

sulfurization or quaternization. It has been proposed' that the 
change in 2Jpp in (BC)5WPhzPCH2PPh2 upon quaternization 
of the free phosphine end is due to changes in s character and 
effective nuclear charge at this phosphorus atom. Our findings 
seem to support this observation: if the 'Jpp values in the 
Ph2P(S)CH2PR'R2 and Ph2PCHzP(S)R1R2 compounds are 
initially negative, increasing the s character and the effective 
nuclear charge (which contribute to a positive increase in Jpp)33 
by sulfurization and quaternization causes 'JPp to increase to 

16 and Z!Z 12 H z  for the disulfides and phosphonium salts, 
respectively. 

The coordination shifts (A = 8complex - Gfree Ilgdnd) of the 
coordinated phosphino group in the group 6 metal carbonyl 
complexes are the typically lar e values observed in five- 
membered chelate ring systems3. 6,37 (see Table VI), with the 
h values being about 92 ppm for the Cr series, 67 ppm for 
the Mo series, and 53 ppm for the W complexes. These data 
are good proof for the formation of the chelate ring. Addi- 
tionally, the thiophosphoryl groups have coordination shifts 
of about 17 ppm for Cr,  15 ppm for Mo, and 19 ppm for W 
complexes. Coordination (pseudoquaternization) of the 
phosphine group without simultaneous coordination of the 
phosphine sulfide group would tend to decrease the phosphine 
sulfide chemical shift a small amount, e.g., from 39.1 ppm in 
PhzP(S)CHzPPhMe to 33.3 ppm in PhzP(S)CHzP(S)PhMe 
and 33.7 ppm in [Ph2P(S)CH2PPhMe2]+Br-. Indeed, the shift 
of the uncoordinated thiophosphoryl phosphorus in 
(OC)SMo[PhMePGHzP(S)Ph2] is 33.8 p ~ m . ~ *  Thus, the 
observed increase in shift upon coordination corroborates the 
fact that the thiophosphoryl is coordinated. The relative 
magnitudes of Aps (ppm) for Cr (1 3) ,  Mo (1 5), and W (19) 
is not understood. On first inspection, one might expect the 
trend to reflect the varying size of the metal and resulting 
differences in ring strain on the one hand and the varying 
strength of the soft-soft sulfur-metal interaction on the other. 
However, a similar unexplained trend is observed for Apo of 
the tertiary phosphine-phosphine oxide complexes." 

Within each series, Aps decreases with increasing bulkiness 
of the R'  and R 2  groups. For example, the Aps values for 
[Ph2P(S)CHzPR'Rz]Cr(CQ)4 are as follows for R'R': Me2, 
18.3 ppm; MePh, 17.7 ppm; Ph2, 17.4 ppm; Ph(i-Pr), 16.7 
ppm; (i-Pr)2, 16.3 ppm. The same trend holds for the Mo and 
W compounds. Thus, the bulky ligands on the phosphino 
group cause more shielding in the thiophosphoryl group across 

B 

the ring (1,3 interaction), possibly by weakening the thio- 
phosphoryl-metal bond. 

The lJppl values for the [Ph2P(S)CHzPR1Rz]M(C0)4 
complexes vary from slightly larger than the values in the free 
ligand (most of the compounds) to slightly less than that in 
the free ligand Ph2P(S)CH2P(i-Pr)2. lJppl can be represented 
as the sum of the contributions of phos horus-phosphorus 
coupling through the P-C-P backbone, 'JfPp, and through the 
metal center, 'JMPp. It is not possible a t  this time to separate 
these terms. However, other results indicate that this model 
has ~ a l i d i t y . ~ . ~ ~  lJppl is consistently 5-7 Hz larger for the 
chromium complexes than for the respective molybdenum and 
tungsten complexes, in which lJppl is nearly identical. lJppl 
in C ~ S - L ~ M ( C O ) ~ ,  where L is a phosphorus ligand, has been 
found to be larger when M = Cr than when M = No and 
W.3340 Also, lJppl is largest for the diphenyl complexes, Le., 
[Ph2P(S)CH2PPhZ]M(CO),, and smallest for the dialkyl 
complexes, [ Ph2P( S) CHzPR2] M (CO)4. 

Phosphorus-tungsten coupling is observed for the [PhzP- 
(S)CHzPRIRz] W(CO)4 complexes, with only one pair of 
satellites, which arises from coupling of the directly bonded 
tertiary phosphine, being observed. N o  'JwSp is seen. 
Similarly, no 'JwOp was observed in the similar complex 
[Ph,P(O)CH(n-Pr)PPh,] W(CO)4.10 The lJwP values range 
from a lows of 227 ( i - p ~ ) ~  and 232 H z  (Mez) to highs of 238 
(Ph(i-Pr))9 241 (PhMe), and 240 H z  (Ph,). This is consistent 
with previous observations that the tertiary phosphines with 
the more phenyl groups generally have higher Jwp's than the 
tertiary phosphines with more alkyl groups, which has been 
attributed to the greater x-acceptor ability of the aryl- 
 phosphine^.^^ 

These compounds furnish a very fecund area for proton 
N M R  investigations. The proton data are given in the Ex- 
perimental Section. The methylene bridge protons of the 
PhzP(S)CHzPR'Rz ligands and derivatives are especially 
interesting. When R 1  and R 2  are different, the phosphorus 
(PR'R') is asymmetric which makes the methylene protons 
nonequivalent and in most cases results in formation of an AB 
pair (with simultaneous phosphorus double irradiation) or a 
complex ABMX or ABXY system without phosphorus de- 
coupling. When R' = Rz, the spin system is simplified to an 
A2MX or A2XY. 

In most cases, decoupling of the phosphorus nuclei was used 
to simplify the methylene bridge resonances. In one case, the 
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LAOCOON 1 1 1 ~ ~  computer N M R  simulation program was used 
to elucidate the methylene region in the compound Ph2P- 
(S)CH2PPh(i-Pr). The following simulation for this ABMX 
system was calculated and fitted to 60-MHz N M R  spectrum 
of the methylene region expanded to 50 Hz. The values follow 
for 

H' 

Ph2P4(S)-(!!-P3Ph(i-Pr) I 

HZ  

6(H') = 172.723 f 0.029 Hz, 6 2.88 (actual 6 2.88); 6(H2) 
= 187.393 f 0.027 Hz, 6 3.12 (actual 6 3.15); 2Jl,2 = -14.487 
f 0.033 Hz (actual 114.41 Hz). For the P-H couplings, 'J1,3 

+1.879 f 0.051 Hz, and J2,4 = -11.956 f 0.051 Hz. The 
relative intensities for the computed spectrum correspond to 
those of the actual spectrum. The root-mean-square error for 
the iteration is 0.053. The computed values for the various 
P-H coupling constants are in good agreement with others 
found in the In the compounds where R' = R2, 
2JpCH values for the methylene region are 0-2 Hz while 2Jp(~)~H 
values are usually around 13 Hz. It can be seen that the data 
from the computer fit are quite reasonable. 

In all of the compounds where R' and/or R 2  is an isopropyl 
group, an eight-line (or overlapping six-line) pattern is found 
for the methyl region of the isopropyl protons. This none- 
quivalency is due to the diastereotopic nature of the protons 
involved. M ~ F a r l a n e ~ ~  and others3 have noted this none- 
quivalency of methyl groups in compounds with isopropyl 
groups. The main cause for this nonequivalence has been 
ascribed to intrinsic asymmetry (not temperature dependent) 
rather than to unequally populated conformers (temperature 
dependent) for the PPh(i-Pr)2 system when this case was 
studied over the range 40-150 0C.45 When the phosphorus 
nuclei are decoupled, the multiline patterns collapse to more 
simplified ones (e.g., an eight-line pattern collapses to a 
four-line pattern-actually, two sets of doublets). It is then 
possible to unequivocally assign lines belonging to the indi- 
vidual methyl groups and assign the various chemical shifts 
and coupling constants. These assignments are given in the 
Experimental Section for all of the isopropyl cases. 

In several cases where R' = R2 = alkyl, the splitting pattern 
for the bridging methylene region is a doublet of doublets. It 
was not possible to unambiguously assign coupling constants 
without selective phosphorus-3 1 irradiation since the coupling 
from the alkylphosphorus group in the compound is of similar 
magnitude to that of the diphenylphosphorus group. We 
applied this technique to several cases where it was necessary 
to elucidate the various couplings. For example, the couplings 
in the methylene bridge of the compound Ph2P(S)CH2P- 
(S)(i-Pr), were found to be 12Jp(ph)cHI = 12.2 Hz and I2Jp- 
 CHI = 13.8 Hz, by irradiating first the -P(S)(i-Pr)2 region 
and then the Ph2P(S)- region at the appropriate phosphorus-3 1 
frequencies. In each case, the methylene region collapses to 
a simple doublet upon selective irradiation and the appropriate 
coupling can be measured. 

Table IV contains a summary of the proton N M R  data for 
the methyl groups where R1  = Ph, R2 = Me and R 1  = R2 = 
Me for the ligands and various derivatives. In general, it can 
be seen that the chemical shifts of the protons in the methyl 
groups follow the trend Ph2P(S)CH2PR1R2 < [Ph,P(S)- 

CH2P(S)R R N [MePh2PCH2P(S)R'RZ]+Br- < [Ph2P- 
(S)CH2PR'R2Me]+Br-. On the basis of inductive factors the 
amount of deshielding of the protons nearby the R'-R2 
phosphorus should follow this approximate trend46 since the 
"effective" electronegativity of the phosphorus atom increases 
in this order. It can also be seen from our table that l2JPcHI 

= -0.165 f 0.052 Hz, 2 J y  = -15.249 f 0.059 Hz, 2J2,3 = 

CH2PR'R21]y(C0)4 < Ph2PCH2P(S)R'R2 < Ph2P(S)- 
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Table VII. IR Data of PhzP(S)CHzPRIRz-MetaJ Carbonyl 
Complexes (CO Region)a 

Freq, cm-' 

Compd V 1  V P  VP v4 

Ph,P(S)CH,PPh, (LI) 
LICr(CO), 2012 1921 1897 1861 

LIMo(CO), 2022 1927 1907 1867 
LIW(CO), 2018 1921 1897 1862 

Ph,P(S)CR,PPh(i-Pr) (LII) 
LIICI(CO), 2011 1919 1893 1854 
LIIMo(CO), 2020 1925 1906 1859 
LIIW(CO), 2016 1918 1894 1857 

Ph,P(S)CH,PPhMe (LIII) 
LIIICr(CO), 2012 1925 1895 1862 
LIIIMo(CO), 2020 1925 1902 1862 
LIIIW(CO), 2016 1918 1892 1860 

LIvCr(CO), 2006 1912 1887 1856 
LIvMo(CO), 2016 1918 1896 1858 
LIvW(CO), 2013 1914 1887 1857 

Ph,P(S)CH,PMe, (Lv)  
LvCr(CO),C 2009 1889d 1842 
LvMo(CO),' 2019 1903d 1848 
LVW(CO),~ 2013 1892d 1840 

(2014)b (1924)b (1903)b (1869)b 

Ph,P(S)CH,P(i-Pr), (LIv) 

a Saturated CCl, solutions unless otherwise noted; resolution + 2  
cm-'. Saturated cyclohexane solution. Saturated CII,Cl, 
solution. Unresolved doublet. 

values for the methyl group increase in the order Ph2P(S)- 

(S)R1R2 N [MePh2PCH2P(S)R1R2]+Br- E Ph2P(S)- 
CH2P(S)R'R2 < [Ph2P(S)CH2PR1R2Me]+Br-. Again, this 
is approximately the order of increasing) electronegativity 

s character in the phosphorus bonding orbitals. It has been 
observed that 'JpCH becomes less positive with an increase in 
s character of the phosphorus bonding orbitals to carbon;47 
thus, if 2JpcH is positive (and small) in the free phosphine and 
decreases to a larger negative value for the quaternized 
p h o s p h o r u ~ , ~ ~  then our observations are consistent with the 
increasing electronegativity trend. 

Infrared stretching frequency data are given in Table VII. 
It is expected that these cis-disubstituted octahedral metal 
carbonyl complexes would show four infrared-active C O  
stretching modes4' consistent with their C, symmetry. These 
are observed. It was necessary to obtain the solution spectra 
of most of the complexes in CC14 due to their limited solubility 
in cyclohexane; however, the dimethyl compounds [Ph2P- 
(S)CH2PMe2] M ( C 0 ) 4  also had low solubility in CC14 and 
were run in CH2C12. A comparison of the frequencies for 
[Ph2P(S)CH2PPh2]Cr(C0)4 in CCI4 and cyclohexane shows 
only very small solvent shifts. 

In summary, the synthesis and some reactions of (di- 
phenylphcsphinomethy1)phosphine sulfides are described. The 
functional groups of these compounds behave normally: the 
tertiary phosphino group can be quaternized, oxidized by the 
direct addition of sulfur, self-oxidized by the tertiary phosphine 
sulfide inter- or intramolecularly, or coordinated to metals; 
the tertiary phosphine sulfide can be reduced with sodium or 
hexachlorodisilane or by the neighboring tertiary phosphino 
group and can be coordinated to metals. A new chelate ring 
system is formed by these ligands. Extensive proton and 
phosphorus-31 N M R  data are given for the approximately 40 
new compounds described here. 

CH2PR'R2 < [Ph2P(S)CH2PR'R2]M(C0)4 6 Ph2PCH2P- 

of the "groups" on phosphorus I and the order of increasing 
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Five new ligands of the type Ph2PCH2PR’R2, with R’ = R 2  = Me or i-Pr and R’ = Ph, R2 = Me, Et, or i-Pe, have been 
synthesized by the reduction of Ph2P(S)CH2PR’R2 and by the reaction of Ph2PCH2Li with R’R’PCl. These ligands react 
smoothly with M ( C 0 ) 6 ,  M = Cr, Mo, or W, to form coordination compounds of the type LM(CQ)4, which contain 
four-membered chelate rings. Extensive proton and phosphorus-3 1 NMW data are reported. 

The synthesis of chelating phosphorus ligzlnds with 
chemically and magnetically different phosphorus atoms has 
been especially important for investigating coordination 

compounds of these ligands by phosphorus-31 nuclear magnetic 
SpectrO§cQpy.”’2-’ TQ date, most of the complexes of chelating 
di(tertiary phosphines), both symmetrical and unsymmetrical, 


