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Abstract-A convenient, general, high yield synthesis of the novel, silylated diphosphites 
[(R’O)2P0]2SiR2R3 by reaction of the secondary phosphites (R’O),P(=O)H (R’ = Me, 
Et) with ClzSiR2R3 (R’= R3= Me; R2= R3 =Ph; R’=Me, R3=Ph; R*=Me, 
R3 = CH=CH2; R2 = Me, R3 = H) in the presence of NEt3 is described. The relative 
rates of reaction are sensitive to the nature of the substituents on both phosphorus and 
silicon and follow the order [SiMeH] > [SiMe,] > [SiMe(CH=CH,)] > [SiMePh] > 
[SiPh,] for both R’ = Me, Et and R’ = Me > R’ = Et for all pairs with the same silicon 
substituents. 31P NMR spectroscopic data suggest that the nature of the silicon substituents 
has only a small effect on through-bond electronic induction or hybridization at the phos- 
phorus atoms of the free diphosphites. Complexation of these diphosphites to transition 
metals, of the form MX(CO)3[P(OMe)20]2SiR2R3 (M = Mn, X = Br; M = MO, X = CO), 
stabilizes the ligand towards hydrolysis compared to the uncoordinated diphosphites. There 
is some correlation between the 13C NMR shifts of the carbonyl ligands and the stereo- 
electronic character of the silicon substituents in MX(CO)3[P(OMe)20]-LSiRZR3, sug- 
gesting that the electron-releasing properties of the diphosphite ligands increase in the order 
[SiPh,] < [SiMePh] = [SiMe(CH=CH*)] < [SiMez]. The crystal structure of MnBr(CO), 
[P(OMe),O],SiMe, has been determined. The compound exists as discrete, distorted octa- 
hedral monomers in which the diphosphite ligand occupies cis coordination sites and the 
six-membered chelate ring has an unusual “chaise longue” conformation. 

Although chelating tertiary phosphine ligands have 
been widely exploited in the coordination and 
organometallic chemistry of the transition 
elements, ’ relatively few studies have been con- 
ducted with chelating tertiary phosphites. 2 Recent 
research into the transition-metal catalysed hydro- 
formylation3 and dimerization4 of alkenes and 
dienes, respectively, has demonstrated that highly 
electron-withdrawing and/or sterically-demanding 
tertiary phosphites are among the most active co- 
catalysts for these reactions. Subsequently, more 
recent interest has focused on chelating diphos- 
phites, particularly those containing chelating diol- 
lato substituents5g6 where it has been shown that 

* Author to whom correspondence should be addressed. 

complexes of transition metals containing such di- 
phosphites as ligands are active alkene hydro- 
formylation’ and hydrocyanation catalysts. 5 

We are currently investigating the chemistry of 
silylated organophosphorus compounds’ and have, 
in the course of this work, synthesized a range of 
novel, silylated diphosphites of the form 
[(R’O)zPO]2SiR2R3 where R’, R2 and R3 can be 
variously methyl, ethyl, phenyl, hydrido or vinyl. 
The syntheses are convenient, proceed in high yield 
and use inexpensive starting materials. This report 
describes full details of the synthesis and spec- 
troscopic characterization of a range of silylated 
diphosphites and some aspects of their coordina- 
tion chemistry: part of this work has been briefly 
communicated.8b 
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Table 1. Quantities and yields for diphosphite syntheses (all reactions were 
performed in toluene solvent at room temperature and the reaction times 

quoted are not necessarily optimized) 

Reagents (mmol) 
(R’O),P(O)H ClzSiR2R3 

5.45 2.73 
5.45 2.73 
5.45 2.73 
5.45 2.73 
5.45 2.73 
3.88 1.94 
3.88 1.94 
3.88 1.94 
3.88 1.94 
3.88 1.94 

NEt3 

7.50 
14.35 
7.50 

14.35 
7.50 
4.95 

14.35 
14.35 
14.35 
5.32 

Reaction Yield 
time (h) Product (%) 

48 1 96 
96 2 81 
48 3 99 
48 4 87 
20 S 91 
48 6 78 
96 7 87 
96 8 82 
48 9 85 
20 10 85 

RESULTS AND DISCUSSION 

Synthesis and characterization of the diphosphites 
[(R’O)aPO]2SiR3R3 

The reaction between the secondary phosphites 
(R’O),P(=O)H (R’ = Me, Et) and the dichloro- 
diorganosilanes, Cl,SiR’R’ (R2 = R3 = Me; R* = 
R3=Ph; R*=Me, R3=Ph; R*=Me, R3= 
CH=CH,; R2 = Me, R3 = H), in toluene sol- 
vent in the presence of excess NEt 3 proceeds 
smoothly at ambient temperature to afford the sily- 
lated diphosphites [(R’O)2PO]2SiR2R3 as clear, 
mobile liquids in high yields (Table 1 and Scheme 
1). The products were found to be satisfactory for 
synthetic studies without further purification. 

If the reactions are quenched too early or if 
insufficient NEt, is used, other organophosphorus 
compounds can be observed by 3’P NMR spec- 
troscopy (Table 2), which we presume to be the 
intermediate monophosphites of the form 
(R’0)2POSiR2R3C1 since upon subsequent treat- 
ment with (RO),P(=O)H and NEt3 these species 
are completely converted to the corresponding 
diphosphites. In all cases, the 3’P resonances for 
these intermediate monophosphites are located at a 
higher frequency than those for the corresponding 
diphosphites.’ Attempts to shorten reaction times 
by increasing the reaction temperatures (SOC ; ca 
24 h) leads to the formation of by-products, most 
prevalent in the methoxo series, with new 3’P res- 
onances in the region expected for four-coordinate 
phosphorus species of the form [R,P(=O)]. Since 
these resonances remain singlets (albeit broadened) 
in the fully coupled 3’P NMR spectrum, we pre- 
sume that the R groups are either methyl or 
methoxo groups rather than hydrogen. 

With the exception of 5 and 10 all the diphos- 
phites are stable indefinitely at ambient temperature 
in a dry nitrogen atmosphere under normal lab- 
oratory light ; 5 and 10, however, take on a yellow 
colouration when left to stand for several hours at 
room temperature even in the absence of oxygen 
and moisture ; shielding the samples from lab- 
oratory light does not prevent this discolouration. 
New 3’P resonance signals, at 6 129.0 and 124.9 
ppm (benzene-d,), are seen to accompany the 
process, but their identities remain unknown. We 
presume that the instability of these two diphos- 
phites is linked to the presence of the Si-H units 
since these moieties are known to be reactive 
towards alkoxo residues” similar to those present 

Table 2. 3’P(‘H} NMR data for (R’0)2POSiR2R3Cl 

R’ R= R’ 

Me Me Me 127.7 
Me Ph Ph 127.3 
Me Me Ph 127.6 
Me Me CH==CH2 127.4 
Me Me H 128.3 
Et Me Me 126.7 
Et Ph Ph 126.1 
Et Me Ph 126.3 
Et Me CH=CH2 126.5 
Et Me H 127.4 

3’P( ‘H} (ppm) 

“Reactions of (R’O),P(=O)H (4 mmol) and 
C1,SiR2R3 (3 mmol) in the presence of NEt3 (8 mmol) 
were performed in toluene solvent, filtered after 5.5 h 
(2 h in the case of R3 = H) and analysed, without further 
treatment, by { 3’P ‘H} NMR spectroscopy in protio 
toluene at 298 K with external CsD, as a reference. 
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M=Mn;X=Br;R’=Me;R2=Ph:R3=Ph:12 

M=Mn;X=Br;R’=Me;R2=Me;R3=Ph;13 

M=Mo:X=CO;R’=Me;R*=Me;R’=Me;14 

M=Mo;X=CO;R’=Me;R*=Ph;R’=Ph;15 

M = MO; X = CO; R’ = Me; R* = Me; R3 = Ph; 16 

M = MO; X = Co; R’ = Me; R2 = Me; R3 = -CH=CH2; 17 

Scheme 1. Synthesis and reactivity of diphosphites l-10. 

R’ R2 R3 (4 

Me 
Me 
Me 
Me 
Me 
Et 
Et 
Et 
Et 
Et 

Me 
Ph 
Me 
Me 
Me 
Me 
Ph 
Me 
Me 
Me 

Me 1 
Ph 2 
Ph 3 
CH==CH2 4 
H 5 
Me 6 
Ph 7 
Ph 8 
CH=CH* 9 
H 10 

in 5 and 10. All the diphosphites hydrolyse upon 
exposure to moist air over the course of several 
hours (between 3 and 20 h) at ambient temperature 
to reform (R’0)2P(=O)H (by 3’P NMR spec- 
troscopy) and presumably oligosiloxanes of the 
form [-R2R3Si-O-1, (which were not isolated 
or characterized). The relative degree of sensitivity 
towards hydrolysis appears to be a function of the 

size of the silicon substituents ; compounds 5 and 
10 (both having R* = Me and R3 = H) react sig- 
nificantly faster than the others. This is consistent 
with the well-documented !&ZSi hydrolysis mech- 
anism in which initial attack of H20 on the silicon 
atom affords a five-coordinate intermediate whose 
stability is strongly influenced by the steric environ- 
ment around silicon. ’ ’ 

All the diphosphites display a single, sharp res- 
onance in their 3’P{‘H) NMR spectra (Table 3) in 
the region expected for tertiary phosphite com- 
pounds.‘* This provides good evidence for the pres- 
ence of three-coordinate, trivalent phosphorus 
atoms in these compounds as opposed to the iso- 
merit four-coordinate, pentavalent form which 
could arise via a formal 1,Zshift (Scheme 2). 

B 
R,P-O-R’ - R,P-R’ 

’ in (EtO),P(=O)H]. Instead, l-10 have strong 
absorptions in the region 925-990 cm- ’ assignable 
to v(P-0-Si). In addition, 5 and 10 have bands 
at 2175 and 2185 cm-‘, respectively, due to 
v(Si-H) with the corresponding bending vibrations 
appearing at 890 and 885 cmp’.13 

The nature of the substituents on silicon in both 
series (methoxo and ethoxo) has little effect upon 
the “P resonances (in each series the shift range 
covers ca 1 ppm), suggesting that the bond hy- 
bridization and through-bond electronic inductive 
effects at phosphorus are only slightly sensitive to 
the substitution on silicon. Interestingly it is the 
compounds with the most electron-withdrawing 
silicon substituents (2 and 7, for which R2 = 
R3 = Ph) which possess the lowest frequency 
resonances, possibly indicating that the more elec- 
tronegative substituents on silicon promote greater 
s-character in the phosphorus lone-pair. Conse- 
quently, the more electron-releasing silicon sub- 
stituents should promote greater p-character of the 
phosphorus lone-pair and hence make the diphos- 
phite more electron-releasing in a complex. This 
latter hypothesis is supported by “C NMR data 
for the complexes 1417 (vide infra). 

The methoxo hydrogens of diphosphites l-5 
appear as virtual coupled multiplets in the ‘H NMR 
spectra, forming the A/A’ and M/M’ parts of 
A,A’&X’ (1 and 2) or A3A;M3M;XX’ (L&5) spin 
systems for which the two magnetically inequivalent 
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Table 3. Spectroscopic data for compounds 1-17 

Compound IR” 3’P(‘H} NMR* ‘H and “C{ ‘H} NMR’ 

1 940(s)d 126.6 

2 950(sJd 126.2 

3 940(s)d 126.3 

4 978(s)d 126.2 

5 2175(s)’ 
950(s)d 
890(s)’ 

126.8 

6 925(~)~ 125.3 

I 930(s)d 124.8 

8 928(~)~ 125.3 

9 980(~)~ 125.3 

10 2185(s)’ 125.9 
930(s)d 
885(s)’ 

11 

12 

205O(s,sp) 
1981(s,br) 
1941(s,br) 

2048(s,sp) 
198O(s,br) 
1941(s,br) 

149.3 
(+22.7) 

149.9 
(+23.7) 

‘H : 3.29 [m, 12H, J(P-H) 11, CH30-], 0.22 [s, 6H, (CH3)$i] 
‘%Z : 47.72 [m, ‘J(P-C) 9.3, 6J(P-C) -0.8, CH,O-1: 0.60 
[t, 3J(P-C) 1.7, (CH3)$Si] 

‘H : 7.8-7.2 (m, lOH, Ph-H), 3.3 1 [m, 12H, J(P-H) 11, CH,O-] 
“C: 134.8 (s, Ph-C,), 133.3 (s, Ph-C,,,), 131.1 (s, Ph-C,), 128.3 (s, 
Ph-C,), 48.1 [m, *J(P--C) 12.0, 6J(P-C) -3.3, CH,O-_I9 

‘H : 7.7 (m, 2H, Ph--H,), 7.2 (m, 3H, Ph-H,,), 3.30 [m, 6H, J(P-H) 
10, CH,&], 3.29 [m, 6H, J(P-H) 10, CH30-J, 0.51 (s, 3H, CH,Si) 
13C: 134.84 (s, Ph-C,,), 133.80 (s, Ph-C,), 130.82 (s, Ph-C,), 128.28 
(s, Ph-C,,,), 47.94 [m, J(P--C) 10, CH,O-],47.90 [m, &P-C) 10, 
CH30-1, -0.51 (s, CH,Si) 

‘H: 6.0-5.8 [m, 3H, J(H-H) 19.4, 15.2,4.3 CH,--CZf-],h 3.273 [m, 
6H, J(P-H) 10, CH30--1, 3.272 [m, 6H, J(P-H) 10, CH,O-_I, 0.29 (s, 
3H, CH,Si) 
13C: 135.42 (s, CH2---_CH-)~ 134.47 (s, CHFCH-),’ 47.85 [m, 
J(P--C) 8, CH30-1, - 1.10 (s, CH,Si) 

‘H : 4.88 [m, lH, 3J(H-H) 2, ‘J(P-H) 3, Si-H],k 3.28 [m, 12H, 
J(P-H) 10, CH30-1, 0.21 [d, 3H, 3J(H-H) 2, CH,Si] 
13C: 47.95 [m, J(P-C) 8, CH,G--_I, 47.91 [m, J(P-C) 8, CH,O-_I, 0.20 
(s, CH,Si) 

‘H : 3.74 [m, 8H, W--H) 8, 3J(H-H) 7, CH3CH20-1, 1.07 [t, 12H, 
‘J(H-H) 7, CH3CH20-1, 0.23 [s, 6H, (CH3)2Si] 
13C: 56.96 [m, *J(P--C) 10.2, “J(P-C) -0.1, CH,CH@--_I, 17.09 [m, 
3J(P-C) 7.3, ‘J(P--C) -2.2, CH,CH@--1,” 0.85 [t, ‘J(P-C) 3.6, 

(CH3)2Sil 
‘H : 7.8-7.0 (m, lOH, Ph--H), 3.80 [m, 8H, J(P-H) 7, 3J(H-H) 7, 
CH3CH2&], 1.04 [t, 12H, ‘J(H-H) 7, CH&H20-] 
13C : 135.00 (s, Ph-C,), 133.70 (s, Ph-C,,), 130.92 (s, Ph-C,), 128.23 
(s, Ph-C,), 57.40 [m, *J(P-C) 11.9, 6J(P-C) -2.6, CH3CH20-] 
17.00 [m, J(P-C) 5.2, CH3CHZO-] 

‘H: 7.75-7.73 (m, 2H, Ph-IX,), 7.21-7.19 (m, 3H, Ph--H,,), 3.77 [m, 
8H, J(P-H) 12, CH3CH20-1, 1.07 [t, 6H, ‘J(H-H) 7, CH,CH,O-_I, 
1.06 [t, 6H, 3J(H-H) 7, CH3CH2G], 0.55 (s, 3H, CH,Si) 
“C: 135.26 (s, Ph-C,,,), 133.87 (s, Ph-C,), 130.69 (s, Ph-C,), 128.17 
(s, Ph-C,,,), 57.23 [m, J(P-C) 9, CH3CH20-1, 57.18 [m, J(P-C) 8, 
CH3CH20-1, 17.04 (s, CH,CH@-), 17.01 (s, CH3CH,0-), -0.29 
(s, CH3Si) 

‘H : 6.1-5.9 [m, 3H, J(H-H) 18.7, 16.2,4.1, CH,-=CH-_I/ 3.74 [m, 8H, 
3J(H-H) 7, CH3CH@-1, 1.06 [m, 12H, 3J(H-H) 7, J(P-H) 0.5, 
CH3CH@+, 0.33 (s, 3H, CH,Si) 
13C : 135.04 (s, CH+ZH-),’ 134.98 (s, CHFCH-),’ 57.13 [m, 
J(P-C) 9, CH3CH2@--], 17.07 [m, J(P-C) 4, CH3CH,0-_I, -0.83 
(s, CH3Si) 

‘H : 4.95 [m, lH, 3J(H-H) 2, 3J(P-H) 2.4, Si--H]: 3.74 [m, 8H, 
‘J(H-H) 7, CH,CH?,O--1, 1.07 [t, 12H, 3J(H-H) 7, CH3CH20-_I, 
0.24 [d, 3H, 3J(H-H) 2, CH,Si] 
13C: 57.28 [m, J(P-C) 9, CH3CH,0-1, 17.04 [m, J(P-C) 5, 
CH,CH@--_I, 0.53 (s, CH,Si) 

‘H : 3.67 [m, 6H, J(P-H) 11, CH,O-_I, 3.24 [m, 6H, J(P-H) 11, 
CH,O--],0.46 (s, 3H, CH,Si), 0.02 (s, 3H, CZf,Si) 

‘H : 807.1 (m, I OH, Ph--H), 3.69 [m, 6H, J(P-H) 11, CH30-1, 3.18 
[m, 6H, &P--H) 11, CH,%] 
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Table 3-continued 

3’P{ ‘H} NMRb ‘H and “C{ ‘H} NMR’ 

1747 

13 

14 

15 

16 

17 

205O(s,sp) 
1982(s,br) 
1943(s,br) 

204W,SP) 
1945(s,sh) 
1922(s,br) 

2041(s,sp) 
1945(s,sh) 
1925(s,br) 

204W,SP) 
1945(s,sh) 
1921(s,br) 

2041(s,sp) 
1948(s,sh) 
1923(s,br) 

149.3 ‘H : 7.5-7.2 (m, 5H, Ph--H), 3.71 [m, 6H, J(P-H) 10, CH,O-],3.17 
(+23.0) [m. 6H, J(P-H) 11, CH,O-],0.80 (s, 3H, CH,Si) 

148.8 
(+22.2) 

149.4 
(+23.2) 

‘H : 3.29 [m. 12H, J(P-H) 13, CH,O-],0.12 [s, 6H, (CH,),Si] 
13C: 212.91 [m, J(P-C) 25.6, CO,,_]: 207.89 [t, *J(P-C) 13.7, CO,,], 
50.27 (s, CH,@-), 0.14 [s, (CH,),Si] 

‘H: 7.8 (m, 4H, Ph-H,), 7.2 (m, 6H, Ph-H,,,), 3.32 [m, 12H, J(P-H) 
12, CH30--] 

13C: 212.68 [m, J(P-C) 27.1, CO,_]; 207.57 [t, ‘J(P---C) 13.5, CO,,], 
134.61 (s, Ph-C,), 131.71 (s, Ph-C,), 131.57 (s, Ph-C,,), 128.49 (s, 
Ph-C,), 50.59 (s, CH,O-) 

148.8 
(+22.5) 

‘H : 7.4 (m, 2H, Ph-H,), 7.0 (m, 3H, Ph--H,,), 3.16 [m, 6H, J(P-H) 
12, CH,O--1, 3.04 [m, 6H, J(P-H) 12, CH30-1, 0.10 (s, 3H, CH,Si) 
13C : 212.82 [m, J(P-C) 24.7, CO,,_],” 208.21 [t, *J(P-C) 13.0, CO& 
207.41 [t, *J(P-C) 13.8, CO,,], 133.52 (s, Ph-C,), 132.96 (s, Ph-C,,,), 
131.55 (s, Ph-C,), 128.48 (s, Ph-C,), 50.50 (s, CH30-), 50.43 (s, 
CH,O-1, - 1.20 (s, CH3Si) 

148.3 
(+22.1) 

‘H: 6.14 (m, 3H, CH&H-), 3.56 [m, 12H, J(P-H) 13, CH,O-1, 
0.48 (s, 3H, CH,Si) 
13C: 212.82 [m, J(P-C) 26.1, CO,,_],” 207.91 [t, *J(P-C) 13.6, CO,,], 
207.63 [t, *J(P-C) 13.7, CO,,], 137.18 (s, CHdH-), 132.38 (s, 
CHFCH-), 50.40 (s, CH,O--), 50.35 (s, CH,O-), 1.40 (s, CH,Si) 

“Recorded as thin films (l-10) or solutions in CH,Cl, (11-17). For 11-17, only v(C0) bands are reproduced. All 
absorptions reported as cm-’ with relative intensities as s (strong), sp (sharp), br (broad), sh (shoulder). 

b In benzene-d, at 298 K. Coordination chemical shifts (A,) in parentheses, defined as b(complexH(free ligand). 
‘In benzene-d, at 298 K. 
d v(POSi). 
eJ(Si-H) 7. 
‘“J(P-P) 3.6 Hz, calculated as in ref. 14. 
g 4J(P-P) 3.0 Hz, calculated as in ref. 14. 
h Strongly coupled ABC pattern. 
‘Assigned by an Attached Proton Test pulse sequence. 
jv(Si-H). 
k ‘J( 29Si-H) 254. 
‘G(Si-H) 
m 4J(P-P) 2.9 Hz, calculated as in ref. 14, 
n 4J(P-P) 4.6 Hz, calculated as in ref. 14. 
‘The A portion of an AXX’ spin system. Tram indicates the carbonyl ligand tram to a phosphorus atom. 

phosphorus atoms form the XX’ part. From these et ~1.‘~ (Table 3). The values of 4J(P-P) for 1 and 
spectra, values of [J(AX) + .&4X’)] can be obtained 2 (3.6 and 3.0 Hz, respectively) are of a similar 
directly and vary from 10 to 12 Hz (see Table 3). magnitude to the 4J(P-P) value reported for 
Since J(AX) for (MeO)lPOSiMe, is 11 Hz (in an Ph,P(CH,) 3PPh2 (1 Hz). ’ 5 For compounds 3-5, the 
A& spin system), it is probable that the values of presence of different silicon substituents renders the 
J(AX’) for l-5 are of the order l-2 Hz. The geminal methoxo groups inequivalent and separate, 
methoxo carbons also display virtual coupling in virtually coupled multiplets can be observed for 
the r3C( ‘H} NMR spectra ; the signals for 1 and 2 these carbon and hydrogen nuclei in most of the 
appearing as five-line multiplets (in an AXX’ spin NMR spectra. Diphosphites 610 also display 
system) from which it has proved possible to extract second-order coupling patterns for the ethyl methyl- 
full coupling information as described by Redfield ene hydrogen and carbon nuclei, some of the latter 
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signals being sufficiently well resolved after 
Gaussian multiplication to enable full coupling 
information to be calculated (Table 3). 

Possible mechanisms offormation of the diphosphites 
[(R’O)zP0]2SiRZR3 

It has been reported in the patent literature i6 that 
reactions of secondary phosphites with Cl,SiMe, in 
the absence of a base at elevated temperatures lead 
to products of the form [(RO)HP(=O)],SiMe,, pre- 
sumably resulting from nucleophilic attack of chlor- 
ide ions on an incipient phosphonium salt 
[(R0)2HPOSiMe2C1]+ (e), formed via the five-coor- 
dinate intermediate (d) as illustrated in Scheme 3 
(a similar mechanism has been proposed for the 
trimethylsilylation of secondary phosphites’ 7 and 
although the phosphonium salt is not observed 
directly in these reactions, salts of the form [(Me, 
N),POSiMe,]+X- (X = Br, I) can be isolated from 

’ 
RO;;‘\ H 

= [Ro,f:R] NEt3 [ RoJ,oj -[NH&]+ 

,_\ 
(4 (b) CC, 

ClSiK,X 

‘t 

ClSiR’,X 

- [NHEt,]CI 

ySiR’,X 

P 
RO’ ‘OR 

’ \ 

Mechanism a) 

Cl- -RCI NEt, , - [NHEt,]Cl 

OSiR’*X (jBiR’2X 

ROp~p~O 
P 

RO’ ‘OR 

Mechanism (A) 

Scheme 3. Possible mechanisms of reaction of 
(RO),P(=O)H with CISiR;X [x = Cl, 0P(OR)2 or 
OP(=O)H(OR) ; R = Me, Et; R’ = Me, Ph, H, 

CH=CH,]. 

Both MnBr(CO), and Mo(CO),(NBD) (NBD = 
norbornadiene) react smoothly with the silylated 
diphosphites to afford complexes of the form 

stoichiometric mixtures of (Me,N),P=O and 
Me3SiX18). We anticipate that a similar mechanism 
will operate in the presence of a base such as NEt3, 
where now deprotonation of the intermediate phos- 
phonium salts [(RO),HPOSiRzX]+ (e) [x = Cl, 
OP(OR),] occurs in preference to the SN2 reaction 
of the chloride ion on the phosphorus-bound 
alkoxo group [mechanism (A) in Scheme 31. A poss- 
ible alternative mechanism (B) would involve reac- 
tion of the three-coordinate tautomer (b) or its tri- 
ethylammonium salt(c) with C12SiR2 in a direct SN2- 
Si reaction (Scheme 3). In the absence of base, the 
equilibrium between (a) and (b) lies far to the side 
of (a) for both R = Me and R = Et, since signals 
due only to the four-coordinate phosphorus species 
are observed in the room temperature 31P NMR 
spectra and IR spectroscopy reveals no evidence for 
species containing hydroxyl groups. Furthermore, 
we observed that the addition of 10 equivalents of 
NEtj to a solution of (MeO)*P(=O)H in toluene 
did not result in the appearance of resonances 
assignable to either (b) or (c) in the 31P NMR spec- 
trum. The resonance for (a) is unbroadened, shifted 
to low frequency by 0.54 ppm [6 10.64 for pure 
(MeO),P(=O)H in toluene] and the ‘J(P-H) 
coupling increased by 4 Hz [ ‘J(P-H) = 685 Hz for 
pure (MeO),P(=O)H in toluene] upon the intro- 
duction of NEt3. This behaviour is inconsistent with 
the formation of either (b) or(c) and contrasts with 
stronger bases such as NaH for which the phosphito 
salt is strongly favoured. ” Therefore, although 
it is possible that a very small equilibrium con- 
centration of either (b) or (c) could be actively 
involved in the reaction, we have no evidence for 
this at present. The observation that the rates of 
formation of l-5 (R = Me) are faster than those 
of HO (R = Et) may suggest that the intermediate 
phosphonium salts [(MeO)2HPOSiRZX]+ are 
stronger acids than [(EtO),HPOSiR,X]+. More- 
over, when the syntheses of l-10 are performed 
under standard conditions (see footnote to Table 2 
for procedure), it is found that for both R’ = 
Me and Et the relative rates of reaction depend 
upon the silicon substituents in the following 
order: [SiMeH] > [SiMed > [SiMe(CH=CHJ] > 
[SiMePh] > [SiPh& presumably reflecting the 
degree of steric congestion in, and hence ease of 
formation of, the five-coordinate intermediates (d). 

Transition metal complexes of the diphosphites 
[(R’0)2PO]2SiR2R3 
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[MX(CO)3(P(OMe)20}zSiR2R3] (M = Mn, X = 

Br; M = MO, X = CO) (see Scheme 1 and Ex- 
perimental). The facial geometry of the orange- 
yellow manganese complexes 11-13 is supported 
by the observation of three strong bands in the IR 
spectrum assignable to v(C0) vibrations,*’ a single 
resonance [broadened due to coupling with the quad- 
rupolar “Mn (I= 5/2) nucleus] in their 3’P{ ‘H} 
NMR spectra and has been confirmed in the case 
of 11 by a single-crystal X-ray diffraction study 
(vi& infru). We were not able to isolate manganese 
complexes with the diphosphites 4 and 5 ; only oils 
were obtained which we presume, in the case of 
diphosphite 4, to contain the desired complex on the 
basis of the similarity of solution IR [v(CO) at 2050, 
1980 and 1940 cm-‘] and 3’P(1H} NMR (6 149.8 
ppm) parameters to those of 11-13. With diphos- 
phite 5, IR spectroscopy revealed that the Si-H 
unit was not retained in the products, possibly the 
result of reaction with the Mn-Br moiety since 
it is known that silanes are readily halogenated.*’ 
Similarly, we were unable to isolate solid products 
from the reactions of 4 and 5 with Mo(CO), 
(NBD) ; again only oils were obtained. 

Within the series of manganese complexes 11-13, 
the v(C0) vibrations show little sensitivity (range 
ca 2 cm- ‘) to the nature of the silicon substituents ; 
presumably the carbonyl bonds are too remote to 
register significant changes in the ligand backbone 
six bonds distant. Similar insensitivity is also found 
in the molybdenum series 1417, although in these 
complexes it is possible to resolve only three of 
the expected four (2A, + B, f B2) v(C0) vibrations. 
Several silyl diphosphinite complexes of the form 
[Mo(C0)4{PPh20),SiMeR] (R = Me, Et, Ph and 
CH,Cl) have been reported recently** (although 
the syntheses of these complexes did not involve 
preparing the free diphosphinites) and correlations 
between various NMR parameters discussed in 
detail. 23 A comparison of the IR data of 1417 with 
the above diphosphinite complexes reveals that the 
latter have consistently lower frequency v(C0) 
vibrations (by ca 10-l 5 cm- ‘) suggesting that the 
diphosphinite ligands [Ph2PO12SiR2R3 generate a 
more electron-rich metal centre than the diphos- 
phites [(R’O)2PO]2SiR2R3 in this system. This is 
further supported by the observation that the 13C 
resonances of the carbonyl carbon nuclei tram to 
the phosphorus atoms are higher in frequency 
(by ca 2 ppm) for [Mo(CO),(PPh,O),SiMeR] 
(R = Me, Et, Ph and CH,Cl) than for 14-17, con- 
sistent with the model of carbonyl bonding whereby 
increasing the electron density on the metal results 
in a greater degree of M-L n-back-donation and a 
greater contribution of the paramagnetic screening 
term to nuclear shielding which in turn leads to 

higher frequency carbonyl chemical shifts.24 Fur- 
thermore, within the series 1417 the 13C res- 
onances of the carbonyl carbon nuclei increase in 
the order [SiPhd < [SiMePh] = [SiMeCH=CH,] 
< [SiMe,], indicating that the electron-donating 
abilities of the diphosphites follow the same order. 
However, given the very narrow spread of chemical 
shifts a more detailed analysis may be imprudent. 
The 3’P coordination chemical shifts of compounds 
11-17 range from +22.1 to +23.7 ppm and com- 
pare favourably to those found in several bis(di- 
phenylphosphino)propane complexes (+ 20 to + 35 
ppm) which also contain six-membered chelate 
rings.25 

The complexes 1417 are more stable towards 
hydrolysis than the free diphosphites (the former 
remaining unchanged upon exposure to moist air 
in benzene-de solution over 48 h at room tem- 
perature), presumably reflecting a more constrained 
environment around the silicon atoms in the com- 
plexes thus making it harder for silicon to achieve 
the necessary five-coordinate geometry involved in 
an SN2-Si hydrolysis mechanism. ’ ’ 

The molecular structure of [MnBr(CO),(P(OMe), 
O},SiMe$, (11) 

Two independent molecules (molecule 1 and mol- 
ecule 2) are found in the unit cell, the molecular 
structures for which differ primarily in the con- 
formation of one of the phosphorus-coordinated 
methoxo groups as shown in Fig. 1 (see also Exper- 
imental). Lists of bond distances and angles for 
both molecules are reproduced in Tables 4 and 5, 
respectively. The complex exists as a slightly 
distorted, octahedral monomer with a facial 
arrangement of the carbon monoxide ligands. The 
Mn-Br bond length of 252.8(5) pm [252.7(5) pm 
in molecule 21 is ca 2 pm longer than that found in 
cis-MnBr(CO)4[P(4-CH3CgH4)zOSiMe3]*a possibly 
reflecting the more electron-rich character of the 
manganese centre in 11. Furthermore, the Mn-P 
bond lengths range from 225.5(6) to 226.6(6) pm 
and are cu 6 pm shorter than the corresponding 
distance in MnBr(CO)4[P(4-CH3CgH4)20SiMe3], 
which contains less electronegative substituents on 
the phosphorus atom. The greater tram influence of 
the phosphite ligand over bromine results in longer 
Mn-C bonds to the carbon monoxide ligands tram 
to phosphorus. A bite angle of 89.5(2)’ [88.2(2)’ in 
molecule 21 for the disphosphite ligand is within the 
range found for other chelating diphosphorus 
ligands which form six-membered chelate rings.26 
Of particular interest is the conformation of the 
chelate ring which appears to differ significantly 
from the “chair type” conformations commonly 
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found in complexes containing the formally anal- 
ogous ligand Ph~P(C~~~PFh~(dppp).26 The con- 
formation in 11 is similar to that found in the com- 
plex ~~o(CO)~~PPh~O~ 2SiMetBu],27 which the 
authors described as a “chaise longue”, except that 
the “back-rest” is formed by the atoms {P(l)- 
Mn-P(2)) in 11 but by the atoms (O-Si---O> in 
the moIy~enum complex, The methoxo groups 
on each phosphorus are close to eclipsing each 
other; the dihedral angle between the planes 0( I I) 
-P(1)---0(12) and O(2 t )--P(2)-O(22) is 
13.98” (14.99” in molecule 2). Within the cheIate 

ring, the five atoms P(l)--O(l3)---Si---O(23)- 
P(2) he appro~mateIy in a plane with the largest 
deviation being that due to O( 13) (ca 1 I pm in both 
molecules I and 2). The angle between this plane 
and that formed by the atoms P(l~~n-P(2) is 
147.5” (143.9” in molecule 2). The relative impor- 
tance of steric and electronic factors in determining 
cheIate-~ng coronations in ligands of this type 
is not yet clear, although c~staiIograp~c studies 
are now beginning to provide a basis set of data 
through which the e&&s of controlled ligand modi- 
fications can be correlated. 
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Table 4. Bond lengths (pm) for 11 

Molecule 1 

Br(l)--Mn(1) 252.8(5) P( I)-Mn( 1) 225.8(5) 
P(2)--Mn( 1) 225.5(6) C(l)-Mn(1) 180.2(15) 
C(2)-Mn(1) 183.3(16) C(3)---Mn(1) 180.9(16) 

0(11)--P(l) 160.6(12) 0(12)-P(l) 159.0(11) 
0(13)---P(l) 158.9(11) 0(21)-P(2) 159.7(11) 
0(22)-P(2) 159.0(12) 0(23)--P(2) 157.6( 11) 

0(13)-Si(1) 165.2(11) 0(23)-Si( 1) 167.3( 11) 
C(4)-Si( 1) 180.4(17) C(S)---Si( 1) 182.1(20) 

0(1)--C(l) 112.8(15) 0(2)--c(2) 112.1(17) 
0(3)--c(3) 114.9(18) 

c(ll)-o(11) 141.5(17) C(12)--0(12) 146.2(18) 
C(21)-0(21) 142.8(18) C(22)-0(22) 144.3(21) 

Molecule 2 

Br(l)-Mn(1) 252.7(5) 
P(2)--Mn( 1) 226.6(6) 
C(2)-Mn(1) 183.4(16) 

0(11)-P(l) 157.3(12) 
0(13)--P(l) 159.2(11) 
0(22)-P(2) 157.1(11) 

0(13 jSi(1) 165.8(11) 
C(4)--Si( 1) 184.5(17) 

O(l)_C(l) 116.5(16) 
0(3)-C(3) 113.9(17) 

C(21)-0(21) 142.5(17) 
C(ll)-O(ll) 141.7(18) 

P( I)-Mn( 1) 226.6(6) 
C(l)--Mn(1) 178.0(15) 
C(3)--Mn(1) 182.7(17) 

0(12)-P(l) 158.4(12) 
0(21)-P(2) 159.1(11) 
0(23)--P(2) 160.3( 11) 

0(23)-Si( 1) 165.4( 11) 
C(5 jSi(1) 180.7(20) 

0(2)--c(2) 112.6(18) 

C(22)-0(22) 142.6(19) 
C(12)--0(12) 147.6(20) 

EXPERIMENTAL 

All manipulations of air- and/or moisture-sen- 
sitive compounds were carried out under dry nitro- 
gen using Schlenk and cannula techniques. Solvents 
were pre-dried over either sodium wire, calcium 
chloride or 4 A molecular sieves before reflux and 
subsequent distillation under argon from a suitable 
drying agent (given in parentheses) : THF, diethyl 
ether and pentane (sodium benzophenone ketyl), 
toluene (sodium metal) and dichloromethane 
(calcium hydride). All solvents were deoxygenated 
before use. Elemental analyses were performed by 
the Microanalytical Laboratory of this department. 
IR spectra were recorded between KBr windows 
using a Perkin-Elmer 257 grating spectropho- 
tometer. NMR spectra were obtained on JEOL 
FX90Q, JEOL FXlOO and Bruker AM400 instru- 
ments. Benzene-d, was dried by passage down a 
column of basic alumina (Brockmann Grade I) and 
was deoxygenated before use. Spectra were ref- 

erenced internally using the residual solvent res- 
onance for ‘H (&De, 7.15 ppm) and 13C (C6D6, 
128.0 ppm) relative to tetramethylsilane at 0 ppm, 
and externally for 31P using 85% H3P04 as 0 ppm. 
All spectra are reported at 298 K ; the ’ 3C and 3 ‘P 
spectra being run under conditions of broad-band 
‘H decoupling unless noted otherwise. The com- 
pounds (R’O),P(=O)H, C12SiR2R3 and nor- 
bornadiene (NBD) were purchaed from commercial 
sources and were distilled prior to use. Tri- 
ethylamine was purified by passage down a short 
column of basic alumina (Brockmann Grade I). 
MnBr(C0),28 and Mo(CO)~(NBD)*~ were pre- 
pared and purified using published procedures. 

General synthesis of [(R’0)2P0]2SiR2R3 

The specific details relating to the preparations 
of l-10 are presented in Table 1, but the general 
procedure is the same for each: C12SiR2R3 was 
added dropwise at ambient temperature to a stirred 
mixture of (R’0)2P(0)H and NEt, in toluene 
solvent. After stirring for an appropriate amount 
of time (see Table l), the mixture was filtered and 
the residue washed liberally with pentane. The fil- 
trate and combined washings were then reduced 
in Z~UCUO to a liquid residue in which is invariably 
suspended small quantities of the NHEt3Cl salt. 
Extraction of the liquid into pentane, filtration and 
subsequent removal of the volatiles under reduced 
pressure afforded the products as clear mobile 
liquids. We have found that both pentane and THF 
are acceptable substitutes for toluene in these syn- 
theses, although the reactions are generally slower 
in THF possibly due to competition between 
(RO),P(=O)H and the solvent for coordina- 
tion sites on silicon (see Scheme 3 for possible 
mechanisms). 

Synthesis of fac-[MnBr(C0)3{P(OMe)20)2SiMe2] 

(11) 

A solution of 1 (2.28 cm3, 0.32 M solution, 0.73 
mmol) in toluene was added to a suspension of 
MnBr(CO), (0.2 g, 0.73 mmol) in toluene (10 cm’) 
at room temperature. Within 5 min, the remaining 
yellow solid had dissolved to an orange solution, 
After stirring overnight the mixture was filtered, 
concentrated under reduced pressure and cooled to 
-35°C to afford the product 11 as yellow crystals 
which were isolated, washed with pentane and dried 
inuacuo.Yield0.21g,59%.Found:C,21.8;H,3.7. 
Calc. for C9Hi809SiP2MnBr: C, 21.8; H, 3.7%. A 
similar synthetic procedure was used to prepare 12 
and 13. Yields 12, 42% ; 13, 49%. Found for 12: 
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P~l~Mn(ljBr(~) 

P(2)--_Mn(ljP(l) 
WI---Mn(lI----P(l) 
C(2)--Mn( 1 jBr( 1) 

C(2WW f I-WI 
C(3)---Mn(ljBr( I) 

C(3)-_MNjP(2) 
C(3k-~nW-W~ 

O(ll)--P(ljMn(1) 
0(12)---P(ljO(11) 

w3I--ww(l1) 

0(2l~P(2jMn(l~ 

0(22)--R2)--0(2 1) 
0(23k-p(2)--0(21) 

0(23~Si(l~(l3~ 
C(4 )---Si(l)-O(23) 
C(5)---Si(l)---O(23) 

W)-C(W--Mu(l) 
0(3)~(3~Mn(l) 

C(1lF-w ljP(1) 
Si(l)-0(13)--P(l) 

C(22I---w2I---PG? 

P(l)---Mn(1 jBr(1) 

P(2)---Mn(ljPQ) 
C~l~Mn~ljP(l) 
C(2~Mn(ljBr(l) 

C(2)---Mn(ljP(2) 
C(3)-_MW-W 
C(3)---Mn(ljPN 
C(3)---Mn( I)-C( 1) 

0(21)---P(2jMn( 1) 
0(22)-P(2jq21) 

0~23wm---w~~ 

O(ll)---P(l jMn(1) 

0(12wY1)--0(1~> 
w3k---w-w1~ 

0(23)---Si(ljO(i3) 
C(4)--Si( l)---O(23) 
C(S)---Si( ljO(23) 

O(l~(ljMn(l) 
0t3)--C(3I--Mn(l) 

Ccl 1%--w IjPm 
Si(l)---O(l3jP(l) 

C(22k--w2+Pm 

Table 5. Bond angles (“) for 11 

Molecule 1 

88.8(2) P(2jMn( I)--Br( 1) 
89.5(2) C(ljMn(ljBr(1) 
93.3(5) C(ljMW-P(2) 
87.1(5) W)--Mu(lj-P~~~ 
88.7(6) C(2j-MnW-W 
89.1(s) Ct3jWljP(0 

176.6(5) C(3j-MnW-W 
91.7(7) 

87.6(2) 
177.9(4) 
92.2(5) 

175.6(4) 
90.8(7) 
89.9(5) 
91.2(7) 

119.6(5) 
100.8(6) 
100.7(6) 

1 l&.2(5) 
101.0(6) 
100.4(6) 

106.6(6) 
108.3(7) 
108.2(8) 

179.7(5) 
178.3(13) 

0(12 )-P(l)--Mn(l) 112.6(4) 
0(13)-P(l)-Mn(1) 1 l&9(4) 

0(13jP(w--w2~ 103.8(6) 

0(22)-P(2)-Mn( 1) 112.1(5) 
0(23 jP(2jMnfl) 118.0(5) 

0(23wm-w22) 104.9(6) 

C(4jSi(l)--O(13) 110.7(8) 
C(5jSi(l)---O(13) 108.1(8) 

C~~jSi(Q---C(4) 114.619) 

0(2)--C(2k--Mu(l) 177.9(13) 

121.8(9) C~~2t_oWjP(l) 
134.8(6) C(2lWWjP(2) 
121.2(11) Si(1 jO(23 jP(2) 

Molecule 2 

89.0(2) P(2 j-Mn(l)--Br(l) 
88.2(2) C(l jMn(1 jBr(1) 
90.6(6) C~ljMutljP(2) 
88.9(S) Ct2jMn(l~P(l~ 
89.1(S) Cf2j-Mn(W-W 
91.7(7) C(3jMn( 1)-Br( 1) 
90.8(6) C(3jW Q--P(2) 
93.067) 

123.9(9) 
124.2(11) 
136.3(6) 

89.1(2) 
179.2(4) 
91.5(5) 

176.6(4) 
91 A(7) 
86.4(5) 

175.4(4) 

119.3(5) 
100.9(6) 
101.3(6) 

120.8(5) 
100.0(6) 
101.0(6) 

107.8(6) 
109.0(7) 
107.1(8) 

177.3(13) 
176.5(13) 

0(22 jP(2 jMn(1) 
0(23jP(2 j-Mn( 1) 
0(23 jP(2jO(22) 

0(12 jP(l jMn(1) 
0(13 jP(1 jMn(1) 

w3jPw---w2~ 

C(4 jSi(lt_0(13) 
C(5)--Si(ljO(13) 

C(5FSiW--C(4) 

Wt--C(2I----Mu( 1) 

111.7(5) 
117.0(4) 
104.5(6) 

110.6(5) 
117.4(5) 
104.6(6) 

110.0(7~ 
109.3(8) 
113.5(9) 

177.4(14) 

12X4(1 1) C(12>--0(~2)--P(f~ 123.4(10) 
136.5(6) C(21)--0(2ljP(2) 122.1(9) 
121.9(10) Si(ljO(23 >-P(Z) 132.4(6) 
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C, 36.7; H, 3.6. Calc. for C19H2209SiP2MnBr: C, the product as colourless crystals. Yield 0.22 g, 
36.8;H, 3.6%. Found for 13: C, 30.1;H, 3.6. Calc. 79%. Found: C, 33.2; H, 3.8. Calc. for C15H20010 
for Cr4H,,0gSiP2MnBr: C, 30.2; H, 3.6 %. SiP,Mo : C, 33.0; H, 3.7%. 

Synthesis of Mo(CO),[P(OMe)20],SiMe, (14) Single crystal X-ray dljiiaction analysis 

A solution of [(MeO)zPO]zSiMez in pentane (1.58 
cm3, 0.34 M solution, 0.54 mmol) was added to 
Mo(CO),(NBD) (0.16 g, 0.53 mmol) dissolved in 
pentane (10 cm’). The resulting yellow solution 
became cloudy within seconds and then lightened 
in colour after 1 h stirring at room temperature. 
After 24 h at room temperature, the mixture was 
filtered, the filtrate concentrated to 2 cm3 and then 
cooled to -78°C for ca 15 min at which point a 
pale yellow crystalline solid formed. Upon warming 
the vessel to -35°C colourless crystals of the 
desired product formed over the course of ca 1 h. 
These were collected and dried in uucuo. Yield 
0.26 g, 76%. Found : C, 25.0; H, 3.9. Calc. for Cl0 
H,,0,$iP2Mo: C, 24.8; H, 3.7%. Compound 
17 was prepared in an analogous manner, but 
could only be isolated as an oil (see Results and 
Discussion). 

All crystallographic measurements were carried 
out on a Stoe STAD14 diffractometer operating in 
the cu-0 scan mode using graphite monochromated 
MO-K, radiation. The data set was corrected for 
absorption semi-empirically using azimuthal psi 
scans. 

Synthesis of[Mo(CO),{P(OMe)20}zSiPh2] (15) 

A solution of [(MeO),PO],SiPh, in pentane (2.24 
cm3, 0.24 M solution, 0.54 mmol) was added to 
Mo(CO),(NBD) (0.16 g, 0.53 mmol) dissolved in 
pentane (10 cm’). The resulting pale yellow solution 
began to turn cloudy within seconds of diphosphite 
addition, and a white, powdery precipitate was 
observed to settle out after ca 1 h. After stirring at 
room temperature for a further 4 h, the supernatant 
was decanted off and the solid residue redissolved 
in CH&l,. Subsequent cooling of this solution to 
-35°C for several hours afforded the product as 
colourless crystals. Yield 0.25 g, 77%. Found: C, 
39.6 ; H, 3.6. Calc. for C20H22010SiPZMo : C, 39.5 ; 
H, 3.6%. 

The structure was determined by direct methods 
using SHELXS3’ and was refined by full-matrix 
least-squares refinement using the SHELX 76 pro- 
gram system. 3 ’ The solution gave two independent 
molecules in the asymmetric part of the unit cell 
which were found to differ principally by a rotation 
of ca 15” of one of the methoxo groups 
[0(21)---C(21)] of the phosphite chelate. Due to the 
limited amount of data, only the heaviest atoms 
were assigned anisotropic thermal parameters ; all 
other non-hydrogen atoms were included in cal- 
culated positions (C-H = 96 pm) and were refined 
with an overall isotropic thermal parameter. The 
weighting scheme w = [cr*(F,) +O.O004(F,)*]- ’ was 
used. Final non-hydrogen atomic coordinates are 
given in Table 4. 

Crystal data. &HI BBrMnOpP2Si, M = 495.11, 
orthorhombic, space group P2r2,2,, a = 887.0(l), 
b = 1548.0(3), c = 2785.0(3) pm, U = 3.8240(9) 
nm3,Z=2,D,=1.71 Mgm~3,~=21.61cm-‘, 
F(OO0) = 1983.93. 

Data collection. 4.0 < 28 < 50.0”, 3829 data col- 
lected, 2741 with I > 2.00(I) considered observed, 
T= 240K. 

Structure refinement. Number of parameters = 
272, R = 0.0570, R, = 0.0596. 
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