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The monomeric ether—phosphine ligands (MeO)3Si(CH;)x(Ph)PCH,CH,OMe {x = number
of methylene groups; x = 3 [1a(T?%], 6 [1b(T9], 8 [1c(T%]} and their P-coordinated
trimethoxysilyl-(T)-functionalized ruthenium complexes cis-CI(H)Ru(CO)(P~O)s [2a(T?)4],
[2b(T?)s], and [2c(T?)s] were sol—gel processed with fixed amounts of Si(OEt); (Q9),
MeSi(OMe); (T9), and Me,Si(OEt), (D% to give the polysiloxane-bound ether—phosphine
ligands [1(a,b,c)(T™)(QX,T™,D'),] and the ruthenium complexes [2(a,b,c)(T")s(QK,T™,D'),]
[P~O: n'-P-coordinated ether—phosphine ligand; y = number of co-condensed Q, T, or D
type; Q = Q type silicon atom (four oxygen neighbors), T = T type silicon atom (three oxygen
neighbors), D = D type silicon atom (two oxygen neighbors); i, k, n, m = number of Si—O—
Si bonds; i = 0—2; n, m = 0—3; k = 0—4]. Solid-state ?°Si NMR spectroscopy has been used
to show that the matrixes containing ligands or complexes have comparable structures,
independently from the employed spacer (n-propyl, n-hexyl, or n-octyl). Detailed 3P NMR
relaxation time studies (T1p, Ten, T1on), 2D WISE NMR spectroscopy, and the line widths of
the 3P CP/MAS NMR spectra have been applied for dynamic investigations. The noncom-
plexed ether—phosphine ligands are highly mobile and their flexibility is enhanced by longer
spacers for all types of matrixes. The mobility of the ligands is also dependent upon the
employed co-condensate. Functionalized F-T/Q copolymers are less flexible than F-T/T or
even F-T/D copolymers [F = —(CH_)«P(Ph)CH,CH,OMe]. The P-coordination of the ether—
phosphines in the complexes led to an additional cross-linking in the matrixes. Thereby
the ligands become more rigid due to strong phosphorus—ruthenium bonds. The differences
of the mobilities of the different polymer-bound complexes are smaller compared to the
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noncomplexed ligands.

Introduction

The preparation and application of polymer-supported
transition-metal complexes, acting as catalysts, is a field
of growing interest.34 These systems can, in principle,
combine the advantages of homogeneous with those of
heterogeneous catalysis, especially if the presence of an
adequate solvent or substrate (mobile phase) leads to a
swelling of the polymers (stationary phase). The result-
ing penetration of the mobile and stationary phases on
a molecular scale is called “interphase”, since no homo-
geneous mixture is formed. Such interphases are able
to imitate homogeneous reaction conditions.>6 How-
ever, the activities and selectivities obtained by the
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various types of immobilized transition-metal catalysts
are still not satisfactory and therefore technically not
applicable yet. The reasons are the reduced mobilities
of the active centers due to their immobilization. It is
expected that the dynamic properties of the stationary
phases will strongly influence the catalytic activity of
the immobilized complex, e.g., that more mobile cata-
lysts lead to more solution-like behavior and thus to
higher turnover numbers and selectivities.

Inorganic oxides as carrier matrixes, e.g., synthetic
silicates, have gained outstanding importance due to
their diversity in physical properties, their purity and
chemical resistance, their ease of functionalization
through silanol groups, and their abilities to form
interphases by swelling in adequate solvents.” In
contrast to surface-modified inorganic materials,8-10
simultaneous co-condensation of organo-T-silyl-func-
tionalized transition-metal complexes with D, T, and Q
alkoxysilanes [Q° = Si(OEt), T° = MeSi(OMe)s, D° =
Me,Si(OEt);] (sol—gel process!?) affords a possibility to
modify these materials (see Scheme 1).6:12.13
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Scheme 1
Monomeric Silanes Hy(dsr;)})y S Silanoles POI};?;;ZZE?“" Polysiloxanes
+ Si(OEt),
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functionalized cocondensate

complex or ligand

F = (Ph)P(CH,CH,0Me)(CH,),- (1a, 1b, 1c)

F = [cis-CI(H)Ru(CO)],;P(Ph)(CH,CH,0Me)(CH,),- (2a, 2b, 2¢)
x = length of the spacer [x = 3 (a), 6 (b), 8 (¢)]

Q: Q type silicon atom (four oxygen neigbors)

T: T type silicon atom (three oxygen neighbors)

D: D type silicon atom (two oxygen neighbors)

These novel materials, which we denote as stationary
phases, consist of the matrix, the spacer, and the
reactive center. They allow higher loading of catalysts
than surface-modified silica gel in combination with
reduced leaching of the reactive centers due to their high
degree of condensation.®13 Recently it was demon-
strated by stoichiometric reactions that all the reactive
centers are easily accessible for substrates and that even
sensitive complexes can be immobilized by the sol—gel
route, using a special “trapping” technique.* In this
new approach the reactive site of the complex is
protected by a versatile ligand during the polyconden-
sation and the catalytic active complex is subsequently
generated within the matrix.

Heteronuclear cross-polarization magic-angle spin-
ning (CP/MAS) solid-state NMR spectroscopy has been
shown to be a powerful tool for investigating insoluble
and noncrystalline solids.’>=17 The stereochemistry of
the metal complexes, the integrity of the spacers, and
the ligand backbone are established by 3P and 3C CP/
MAS NMR spectroscopy, respectively. The structure of
the polysiloxane matrixes is characterized by silicon-
29 solid-state NMR spectroscopic studies. Furthermore,
the dynamic behavior of the different polysiloxane-
bound ether—phosphine ligands and their ruthenium
complexes is described by the parameters Tpn, T1p, T1pH,
and their line widths. With these data it is possible to
compare the mobilities of the reactive centers on dif-
ferent time scales. However these methods do not allow
one to gain information on the kind of motions. In
addition the two-dimensional wide-line spectroscopy
(WISE, vide infra) is applied to characterize the seg-
mental mobilities of these materials.'®
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In previous studies®13 we were able to demonstrate
that the structures and mobilities of polysiloxane ma-
trixes strongly depend on the employed co-condensate.
F-T/D type copolymers lead to a higher mobility than
F-T/T or F-T/Q blends (for the meaning of F, D, T, and
Q see Scheme 1) if polymer-bound ligands are consid-
ered, whereas in the case of immobilized ruthenium and
palladium complexes no differences were observed {F
= —(Ph)P(CH,CH,OMe)(CHy)x— or [cis-CI(H)Ru-
(CO)]1sP(Ph)(CH2CH20OMe)(CH3)x—}. The P-coordina-
tion of the ligand to the metal makes the active centers
uniformly rigid. In all these earlier works only ether—
phosphine ligands with n-propyl spacers have been
used.256131419-21 |n continuation of these investiga-
tions, we set out to examine if longer spacers enhance
the mobilities of the reactive centers in F-T/Q, F-F/T,
and F-T/D copolymers. We therefore immobilized the
ether—phosphine ligands with n-hexyl spacers [1b-
(T9*22 and n-octyl spacers [1c(T%] and compared
them with the previously described species 1a(T?)°
containing n-propyl spacers. The corresponding poly-
siloxane-bound ruthenium complexes cis-CI(H)Ru(CO)-
(P~0)3, 2(a,b,c)(T%; [P~O: nl-P-coordinated ether—
phosphine ligand 1(a,b,c)(T°)] are compared as well.

Results and Discussion

Monomeric Ligands [1(a,b,c)(T?9]*? and Com-
plexes [2(a,b,c)(T%)3].22 The ether—phosphine ligands
1a(T% and 1b(T°) with n-propyl and n-hexyl spacers,
respectively (see Scheme 2) can be prepared in a few
steps and good yields by procedures given in the
literature.l® Ligand 1c(T°) with a n-octyl spacer was
synthesized by an analogous route as compound 1b(T9)
(see Experimental Section). These “hemilabile” ligands
are able to coordinate strongly to the metal center via
the phosphorus atom, while the weaker donor in the
form of an ether moiety is able to take over the function
of an intramolecular solvent in a catalytic cycle.?> The
monomeric complexes cis-CI(H)Ru(CO)(P~0)3 [3a(T?)3,
3b(T%3, 3c(T%3; see Scheme 2] were prepared by
substitution of triphenylphosphine in cis-CI(H)Ru(CO)-
(PPh3)3 with the more basic ether—phosphines [1(a,b,c)-
(T9); see ref 6 and Experimental Section].

Sol—-Gel Processing. The F-T/Q, F-T/T, and F-T/D
copolymers of 1(a,b,c)(T%?2? [F = (Ph)P(CH,CH,OMe)-
(CH)x—] and 3(a,b,c)(T%322 {F = [cis-CI(H)Ru-
(CO)]usP(Ph)(CH2CH,0OMe)(CH>)x—} were obtained by
mixing the corresponding monomers with Si(OEt)4 (QY),
MeSi(OMe)s (T9), or Me;Si(OEL), (DO in the presence
of the catalyst and an excess of water (see Scheme 3).
In the case of the F-T/Q copolymers it is necessary to
add a minimum amount of alcohol to the mixture to
establish homogeneous reaction conditions. The addi-
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W.; Bayer, E. J. Organomet. Chem. 1988, 355, 45.

(20) Lindner, E.; Kemmler, M.; Mayer, H. A. Chem. Ber. 1992, 125,
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R.; Steimann, M. Z. Anorg. Allg. Chem. 1993, 619, 202.
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Scheme 2
CHz— CH,-OCH,
O,P = Ph- P\ IA\N PO
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monomeric 1a(T%, 1b(TY, 1e(TY
R = Si(OMe); (T%), Si0,,(OH);., (T"

P20 PO
o | _H o |
e e
Vd O
0~P' { co P! \ co
P?~0 rorrnnnnn P2~0

polysiloxane-bound
2(a, b, HTHQY, T, DY),

monomeric 2a(T°)3, 2b(T°)3, 2c(T°)3

‘ monomers

X ligands | complexes
3 (n-propyl) la(T") 321(T0)3

6 (n-hexyl) 1b(TY 3b(TY),

8 (n-octyl) 1¢(TY 3e(TY,

i, k, m, n = number of Si-O-Si bonds (k = 0-4; n, m = 0-3; i = 0-2)

y = number of cocondensated Q, T, D silicon atoms

P~0: 7 L_P_coordinated ether-phosphine ligand PhP(CH,CH,0Me)(CH,), Si(OMe),
and PhP(CH,CH,0Me)(CH,),SiO,,(OH), ,,, respectively

x = length of the spacer [x = 3 (a), 6 (b), 8 (c)]

Q*: Q type silicon atom (four oxygen neighbors)

T™" T type silicon atom (three oxygen neighbors)

D' D type silicon atom (two oxygen neighbors)

Scheme 3

Idealized Polycondensation
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@
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1(a, b, )(T")@"), 263, b, HT")QY,
Idealized Polycondensation
F-Si(OM 2 MeSi(OM o2 RO F-S8i0;,,][MeSiO.
- + -
Si( )3 eSi(OMe),; 0 MeOH [F-8i05,][MeSiO;, ], 10))

1(a, b, HTNT),

1(a, b, )(T° o
2(a, b, H(T)(T%)s

2(a, b, O)(T%),

[F-8i0,(0X)3 ,][MeSiO,5(0X)s ],
1(a, b, (TN T™)y, 2(a, b, )(T7)5(T7),

Realistic Comp of the Polycond

Idealized Polycondensation
(32 +2) H,0

F-Si(OMe), + 2 MeSi(OE), -
(OMe)s e;SI(OED; 3 MeOH, - 4 BtOH

[F-S8i04,] [Me,Si0,]; (k)]

1(a, b, )(T° 0 1(a, b, ) (T}(D?),
2(a, b, )(T"); 2(a, b, )(T)(D%)
Realistic Comp of the Polycond: [F-8i0,5(0X)3.,][Me,8i0,,(0X), 1,

1(a, b, )(T) DY)y, 2(2, b, )(T)(DY),

F = (Ph)P(CH,CH,OMe)(CH,),- (1a, 1b, 1c)

F = [HRuCI(CO)],;sP(Ph)(CH,CH,0Me)(CH,),-  (2a, 2b, 2¢c)
Q:Q type silicon atom (four oxygen neighbors)

T™™ T type silicon atom (three oxygen neighbors)

D': D type silicon atom (two oxygen neighbors)

k, i, m, n = number of Si-O-5i bonds

X =H, Me, Et

y = real number of cocondensed Q, T, D silicon atoms

x = length of the spacer [x = 3 (a), 6 (b), 8(c)]

tion of supplementary alcohol is not necessary in the
case of F-T/T and F-T/D copolymers since the alcohol
which is formed during the hydrolysis reaction homog-
enizes the reaction mixture within minutes. To main-
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Table 1. Labeling of the Copolymers??

co-condensate

monomeric  spacer Qo TO Do
ligands length? [Si(OEt)4] [MeSi(OMe)s] [MezSi(OEt),]

(a) Co-Condensed Ligands

1a(T°) 3 1a(TM)(QY)® 1a(T") (T  la(T")(DY)1s
1b(TO) 6 Ib(T")(QY)2  1b(T™)(T™)2  1b(T") (D11
1c(T0) 8 1e(TM(@Q9)2  1e(T)(M™)2  1c(T™)(D)1a
co-condensate
monomeric  spacer Qo TO Do
complexes length? [Si(OEt)4] [MeSi(OMe);] [Me2Si(OEt),]

(b) Co-Condensed Complexes

2a(T%s 3 2a(T"3(Qe” 2a(TMa(TMe" 2a(T")5(D)ac®
2b(T%)s 6 2b(TM)3(Q%s  2b(TMs(T™)s  2b(T")3(DM)s.3
2¢(T%s 8 2¢(TM3(Q9s  2¢(TMs(T™s  2¢(T™)3(D')1s

a Number of methylene groups between phosphorus and silicon
in ligand 1. P See also ref 6. ¢ See also ref 13.

Tl TZ T3 QZ Q3 Q‘

0 20 -40 -60 -8 -100 -120

[ppm]
Figure 1. 2°Si CP MAS NMR spectra of the polymers 2¢c(T")s-
(QK)6 (top), 2c(TM)3(T™)s (Middle), and 2¢(T")3(D')15 (bottom)
including the chemical shift ranges of the different silyl species.

tain uniform reaction conditions for all polycondensation
reactions mentioned in this paper, only Sn(OAc),(n-Bu),
was used as the polycondensation catalyst. The applied
stoichiometries were chosen to be 1:2 between the
functionalized F—T? groups and the co-condensates Q°,
TO, and DY, respectively. Since the total condensation
of all Si—OH groups is normally not achieved, e.g. D9,
D1, T1, T2, Q?, and Q3 silyl species are present in the
29Si solid-state NMR spectra (vide infra), an excess
amount of water has to be involved in the sol—gel
reaction to obtain a high degree of hydrolysis. All
polycondensation products are summarized in Table 1.

29Si Solid-State NMR Spectroscopic Character-
ization of the Matrixes. If the mobilities of the
matrixes should be related to their spacer length, it has
to be ensured that the corresponding polysiloxane
matrixes have comparable stoichiometries and degrees
of cross-linkage.

In Figure 1 the 2°Si CP/MAS NMR spectra of the
polymers 2¢c(TM)3(QK)e, 2¢(T™)3(T™M)e, and 2¢(TM)3(D') 15
are displayed. The typical chemical shifts of the various
silyl species are also shown in this figure.?#2> To
estimate the quantitative ratios of the silyl species and
therefore the degree of condensation,?® first the peak

(24) Maciel, G. E.; Sindorf, D. W. 3. Am. Chem. Soc. 1980, 102, 7606.

(25) Williams, E. A. NMR Spectroscopy of Organosilicon Com-
pounds. In Chemistry of Organic Silicon Compounds; Patai, S.,
Rappoport, Z., Eds.; Wiley: New York, 1989.
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Table 2. Relative lo, Tsin, and T1,n Data of the Silyl Groups of the T/Q Copolymers

degree of

relative 1o data of T and Q species condensation [%] real Tsin [Ms]? TipH

compound T T2 T3 Q2 Q3 Q4 T Q T/Q moiety T2 T3 Q2 Q3 Q* [ms]®
1a(Tm)(QK)od 19 81 16 8.7 7.9 94 84 1:1.8 0.94 1.00 111 277 25
1b(TM)(QK).° 27 713 27 48 105 91 86 1:1.8 0.57 083 062 092 136 16
1e(TM)(QK).° 54 46 34 9.5 6.0 82 78 1:1.9 049 085 040 112 234 34
2a(TM3(QK)ede 06 3.0 64 2.1 9.3 8.3 86 83 3:5.9 127 153 127 151 254 55
2b(TM)3(QX)e® 02 55 43 21 8.1 7.4 80 83 35.4 104 120 101 144 269 53
2¢c(TM)3(QK)et 52 48 18 131 6.0 83 80 3:6.3 111 1.36 129 321 50

a Determined by contact time variation. P Determined via 2°Si with experiment according to Schaefer (see Experimental Section). ¢ lo
values from deconvoluted 2°Si MAS NMR (SPE) spectra. 9 See also ref 6. ¢ Iy values calculated from eq 1.

Table 3. Relative lg, Tsin, T1,H, and Tis; Data of the Silyl Groups of the T/T Copolymers

relative 1o data? Tsin [Ms]° Tisi [s]¢
compound T! T? T3 degree of condensation [%] T2 T3 T1pH¢ [MS] T? T3

la(Tm)(Tm)z® 0.3 2.2 7.5 91 0.70 1.04 2.2

1b(TM)(TM)2 2.2 7.8 93 1.17 1.15 29

1c(TM)(TM), 2.0 8.0 93 0.93 1.08 2.3 45.2 52.2
2a(T)3(TM)e® 1.1 3.3 5.6 82 1.32 1.92 5.2 26.5 30.2
2b(TM)3(T™M)s 0.2 3.6 6.2 87 1.22 1.61 5.4 18.7 20.7
2¢c(T™3(TMe 0.4 4.2 5.4 83 1.46 1.88 5.2 17.9 20.4

a o values calculated from eq 1. P Determined by contact time variation. ¢ Determined via 2°Si with experiment according to Schaefer
(see Experimental Section). @ Values from the NMR experiment of Torchia (see Experimental Section). ¢ See also ref 13.

Table 4. Relative lo, Tsin, and Ty,4 Data of the Silyl Groups of the T/D Copolymers

TsiH [ms]b

relative lp data of T and D species? degree of condensation [%] real Tioh

compound T T2 T3 DO D! D2 T D T/D moiety T2 T3 D! D2 [ms]¢
1la(T")(DY), 54 2.8 72 03 07 139 91 96 1:1.5 e e e e 3.6
1b(T™)(D")11 2.7 7.3 0.5 10.0 91 98 111 154 155 227 228 43
1c(T")3(DM)1.4 10.0 14.0 100 100 1:14 1.40 240 51
2a(TM3(DNae? 0.3 4.6 51 06 25 123 83 88 3:4.6 0.99 1.26 212 6.0
2b(T™M3(D)33 05 3.8 57 03 39 6.7 84 82 3:33 140 148 123 143 51
2c(T")3(D)1s 0.8 4.8 44 02 18 3.1 78 80 315 155 181 098 147 51

a Calculated from eq 1. ® Determined by contact time variation. ¢ Determined via 2°Si with experiment according to Schaefer (see
Experimental Section). ¢ See also ref 13. ¢ Tsiy &~ T1,1; @ precise determination of Tgjy is therefore impossible.

areas of the silicon atoms have to be determined by peak
deconvolution of the 2°Si CP/MAS NMR spectra. Second
the obtained peak areas of the silyl species have to be
corrected due to the different cross polarization and
relaxation parameters Tsiy and T1,4. Subsequently a
guantitative determination of the relative amount Iq of
the silyl species in the T/Q, T/T, and T/D blends can be
drawn by the application of eq 1, using the boundary
condition Tsjy << Tyn:%”

Iy

I — —To/ T
(Te) 1_TSiH/TlpH

(e _ e*Tc/TSiH)

1)

The essential Tsjy data were obtained by contact time
studies of each sample and the Ty, values by the pulse
sequence according to Schaefer?® (Tables 2—4).

The functionalized T/Q copolymers show degrees of
condensation from 80 to 94% for the T" groups and 78
to 86% for the Q% groups (Table 2). The T:Q ratios are
in acceptable agreement with the applied stoichiom-
etries of 1:2 and 3:6, respectively. The Tsiy values are
dominated by the number of OH groups per silicon
atom. Therefore the fully condensed Q* groups with

(26) The degree of condensation of the T species: 100(T* + 2T2 +
3TI)/[3(TE + T2 + T3)], degree of condensation of the Q species:
100(2Q2 + 3Q3 + 4Q%)/[4(Q?% + Q3 + Q%)], degree of condensation of the
D species: 100(D* + 2D?)/[2(D* + D?)].

(27) Harris, R. K. Analyst 1985, 110, 649.

(28) Schaefer, J.; Stejskal, E. O.; Buchdahl, R. Macromolecules 1977,
10, 384.

rather long 2°Si—H distances magnetize slowest. Since
the decays of magnetization in the T, experiment are
monoexponential in each of the samples the material
can be considered as homogeneous and the formation
of domains of “bulk silica” can be excluded.62°30 |t is
therefore possible to detect even the Q* units quanti-
tatively by using the cross-polarization method. The
relative amounts of Iy of the different silyl species of
the polycondensed ligands 1(a,b,c)(T")(QX), were ob-
tained by direct deconvolution of the 2°Si single-pulse-
excitation (SPE) MAS NMR spectra of these compounds,
since the boundary condition of Tsiy < Ty iS not
fulfilled in these cases.

The 2°Si CP/MAS NMR spectroscopic data of the T/T
blends indicate that the matrixes are not affected by
the type of spacer used (Table 3). Uniform degrees of
condensation of 91—93% for the immobilized ligands 1-
(a,b,c)(TM)(T™), and 82—87% for the immobilized com-
plexes 2(a,b,c)(T™)3(T™)s, as well as similar relaxation
times are in agreement with earlier investigations.!3

The experimentally detected stoichiometries of the
functionalized T/D copolymers differ significantly from
the applied stoichiometries (Table 4). Some of the D
groups are washed out during the sol—gel process.® But

(29) Koenig, J. L.; Andreis, M. Solid State NMR of Polymers;
Mathias, L. J., Ed.; Plenum Press: New York, 1991; p 201.

(30) Komoroski, R. A. High Resolution NMR Spectroscopy of
Synthetic Polymers in Bulk; VCH Publishers, Inc.: Deerfield Beach,
FL, 1986; p 63.
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at least the degrees of condensation as well as the 2°Si
NMR spectroscopic relaxation data are comparable
within the limits of error.

As a result of the 2°Si CP/MAS NMR spectroscopic
investigations, it can be concluded that the different
lengths of the spacers e.g. the different ligands
1(a—c)(T?) and complexes 2(a—c)(T?)s, do not influence
the structure of the resulting polysiloxane matrixes. The
matrixes of the corresponding co-condensates show
comparable degrees of condensation with the exception
of 1e(T")(Q")2.%

31p, 13C CP/MAS, and IR Spectroscopic Charac-
terization of the Polymers. In the 3P CP/MAS NMR
spectra of the polysiloxane-bound ether—phosphines 1-
(a,b,c)(T™)(QK,T™,Di), only one signal is observed (see
Figure 2 and Table 5). Their chemical shifts in the
range —30.7 to —31.7 ppm are comparable to those
observed by 3'P{*H} NMR spectroscopy in solution (see
Experimental Section and ref 19). No other phosphine
species or phosphine oxides are detectable in the spectra
of the freshly prepared polymers, but heating of the
materials in the presence of air for several hours leads
to a decomposition and the formation of phosphorus
containing species which resonate at —22.6 and 34.1
ppm.1032 The 3P CP/MAS NMR spectra of the im-
mobilized ruthenium(ll) complexes 2(a,b,c)(T")s-
(Q%,T™,D'), are displayed in Figure 3. They show two
isotropic signals caused by the different environments
of the phosphorus nuclei P2 and P! (Scheme 2). Their
chemical shifts are in agreement with their monomeric
congeners (see Table 5 and Experimental Section). The
occurrence of only one absorption band in the carbonyl
region of the IR spectra also confirms that the structure
of the complex cis-H(CI)Ru(CO)(P~O)3; is preserved
during the sol—gel process.

The resonances in the 13C CP/MAS NMR spectra of
the polymers consist mainly of four groups of peaks
belonging to the following species. The phenyl groups
in the aromatic region from 138.8 to 128.4 ppm, the
carbon atoms in the ligands adjacent to the ether oxygen
atoms [OCHj; (58.0—58.8 ppm) and CH,0O (68.2—70.1
ppm)], a complex pattern of methylene groups in the
region between 32 and 10 ppm and in case of the F-T/T
and F-T/D blends one signal of the SiCH3 groups at —1
to —3 ppm. These chemical shifts clearly indicate the
integrity of the phosphine ligands, in particular the
existence of intact carbon—phosphorus and carbon—
silicon bonds.33

Mobility Studies of the Polymeric Ligands and
Complexes by 3P CP/MAS NMR and 2D WISE
NMR Spectroscopy. Interphases are designed to be
able to imitate homogeneous reaction types. Therefore
detailed knowledge of the dynamic behavior of the
stationary phases is necessary to optimize the reactivity
of the catalytic centers. Higher mobilities of the im-
mobilized catalysts should enhance the accessibility and
the uniformity of the reactive centers and thus their
activities as well as their selectivities. The NMR
parameters Tpy, Tip, T1,H, and the line widths of the

(31) The lower degree of condensation of copolymer 1c(T")(QX).
compared to the corresponding F-T/Q polysiloxane-bound ligands 1-
(a,b)(T")(QK), cannot be explained yet, since the kinetic rates of the
various hydrolysis and condensation steps are not known.

(32) Blumel, J. GIT Fachz. Lab. 1994, 5, 510.

(33) Corriu, R. J. P.; Moreau, J. J. E.; Thepot, P.; Wong Chi Man,
M. J. Mater. Chem. 1994, 4, 987.
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Figure 2. 3P CP MAS NMR spectra of the polysiloxane-
bound ether—phosphine ligands (vis = 5 kHz).

31p signals in the CP/MAS NMR spectra and of the
protons in the two-dimensional WISE spectra are sensi-
tive toward motions on different time scales.

The line widths of 3P solid-state NMR spectra are
governed by various interactions, e.g., chemical shift
dispersion, chemical shift anisotropy (CSA), and het-
eronuclear dipolar interactions.’® Since the local envi-
ronment of the phosphorus atoms in the ligands and
complexes of the different copolymers are identical, the
changes of the line widths of the 3!P signals in the CP/
MAS NMR spectra are caused by the variable flexibili-
ties of the materials. The cross-polarization constants
Tpn depend on the distance and number of surrounding
protons and on the rigidity of the corresponding inter-
nuclear vector, e.g., between phosphorus and protons.
However, if the phosphorus atoms of various compounds
are surrounded by equal or very similar numbers of
protons, the cross-polarization constants are solely
determined by their mobilities. Fast motions in the
kilohertz region led to inefficient cross-polarization and
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Table 5. 3'P CP/MAS, Tpn, T1,1, T1p, and T4 Data of the
Polysiloxane-Bound Ether—Phosphine Ligands 1 and
Complexes 2

(a) Ligands

03P TeH T1pH viz  Tip Ty
compound [ppm] [ms]2  [ms]® [Hz] [s]° [°C]

1a(T")(Q%), —31.7 029 136 900 7.0 d
1b(TM)(Q%), —31.0 032 1.38 270 4.4 d
1c(T)(QK), —308 052 139 89 27 d
1a(T)(T™), -31.6 036 157 340 69 —58

1b(TM)(T™), —31.0 056 105 96 26 —319
1e(T(T™), —307 071 201 71 24 —359
la(T")(D)s —31.7 201 690 90 19 —536
1b(T")(D)11 —308 179 358 46 2.0 —612
1c(T")(D)14 —30.8 215 718 20 13 —60.7

(b) Complexes

o3P TpH T1pH Vi Tip

compound [ppm] [ms]2 [ms]P [Hz] [s]¢
2a(T")3(Q)e 17.1 0.22 2.6 2800 8.7
-0.9 0.23 2.6 8.4

2b(TM3(QX)6 175 0.19 4.8 2030 113
-0.8 0.21 4.8 11.2

2¢(TM3(QX)e 17.7 0.19 4.8 1740 110
-0.9 0.21 5.0 11.1

2a(T™)a(TM) 17.6 0.19 2.9 2600 6.2
0.5 0.21 2.6 6.0

2b(TM)3(T™)s 18.0 0.21 55 1780 123
-0.7 0.20 5.6 12.4

2¢(TMs(T™)s 18.0 0.19 41 1580  12.8
-1.2 0.21 4.0 12.7

2a(T™3(DY4s 175 0.20 3.8 2060 7.0
-0.7 0.23 3.8 7.1

2b(T")3(DY)33 18.1 0.19 4.3 1645  13.0
0.1 0.21 43 12.8

2¢(T)3(D)1s 17.7 0.19 4.6 1560  13.1
-1.7 0.27 4.4 14.1

a Determined by contact time variation. ® Determined via 3P
with the experiment according to Schaefer (see Experimental
Section). ¢ Values from the NMR experiment of Torchia (see
Experimental Section) at 297 K. dNo glass transitions were
detected in the temperature range between —110 and 140 °C.

therefore higher Tpy values.?*=37 The relaxation time
of the protons in the rotating frame Ty, is an averaged
guantity within domains of 1—2 nm in diameter in those
cases where sufficient dipolar coupling among the
protons provides spin diffusion.282° |n cases with
enhanced mobilities in the kilohertz region dipolar
coupling among protons becomes inefficient and specific
TipH values for certain parts of the material can be
obtained. The spin—Ilattice relaxation times Tip are
characteristic values for each nucleus and sensitive
toward motions in the megahertz region.1538 However
unambiguous information about mobilities of molecules
or molecule fragments from Tip or Ti,4 data can be
obtained only if the corresponding correlation times tr
are known. The relation between the correlation time
7r and the relaxation times T1p and T1,n is given by the
correlation—time curve.’> Temperature-dependent re-
laxation time measurements can distinguish between
two cases. In the slow-motion regime, decreasing
relaxation times correlate with decreasing tr (increasing
temperature) and thus faster motions, whereas in the

(34) Schmid-Betschinger, J. Ph.D. Dissertation, Universitat Tub-
ingen, 1989.

(35) Veemann, W. S.; Menger, E. M.; Ritchey, W.; de Boer, E.
Macromolecules 1979, 12, 924.

(36) Sullivan, M. J.; Maciel, G. E. Anal. Chem. 1982, 54, 1606.

(37) Earl, W. L.; VanderHart, D. L. Macromolecules 1979, 12, 762.

(38) Voelkel, R. Angew. Chem., Int. Ed. Engl. 1988, 27, 1468.
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Figure 3. 3P CP MAS NMR spectra of the polysiloxane-
bound ruthenium(I1) complexes (v = 5 kHz).

fast-motion regime the relaxation times are increasing
with faster motions (shorter ).

The pulse sequence of the WISE experiment consists
of a *H 7/2 pulse followed by an incremented proton
evolution time (t1), after which the proton magnetization
is transferred to 13C via Hartmann—Hahn cross polar-
ization, i.e., m/2(*H)—t;—CP—acquisition.18 Slices at
individual 3C resonances in a 2D data set reveal the
IH line widths of the various structural moieties within
a sample. The line widths in the F1 (proton) dimension
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are determined by *H—1H dipolar interactions, which
are reduced by molecular motion and magic angle
spinning.

The line widths of the 31P CP/MAS NMR signals of
the polysiloxane-bound ligands are listed in Table 5, and
the corresponding spectra are displayed in Figure 2. It
is obvious that the line widths in all cases decrease in
the series F-T/Q > F-T/T > F-T/D for each spacer length.
Also the line widths decrease if the spacer becomes
longer. Simultaneously the Tpy values increase for a
given spacer from 0.29 ms for 1a(T")(QK), to 2.01 ms
for 1a(T™)(D/)15. The cross-polarization constants Tpy
of the F-T/T and F-T/Q copolymers containing a longer
spacer are larger than for the shorter n-propyl spacer,
e.g., 0.29 ms for 1a(T")(QX),, 0.32 for 1b(T")(QX),, and
0.52 for 1c(T")(QX),. The decrease of the line widths
from 900 Hz [1a(T")(QX),] to 20 Hz [1c(T")(D')1.4]
accompanied by a slower magnetization transfer, e.g.,
longer Tpy values, leads to the conclusion that the
mobilities of the various polymer-bound ligands are
affected by the type of the cocondensate in the order
F-T/Q < F-T/T < F-T/D.3437 This is in agreement with
earlier results, which demonstrated, that a decrease of
the absolute crosslinkage leads to an increase of the
mobility of the phosphorus atoms.613 In addition the
line widths and cross-polarization constants Tpy also
depend on the spacer length. The extension of the
spacer from n-propyl via n-hexyl to n-octyl raises the
mobilities of the phosphorus atoms. These results are
confirmed by the spin—Ilattice relaxation times Tip of
the polymers. From temperature-dependent studies it
is known that the T1p values of the copolymers 1a(T")-
(Q4)28 and 1c(T")(QX)2 [T1p (297 K) 2.7 s; Tip (315 K)
2.3 s; Tip (325 K) 2.2 s] decrease with increasing
temperature. Thus shorter Tip times correspond to
shorter correlation times 7g and thus to higher mobili-
ties in the megahertz region.’®> The Typ value at room
temperature of the highly mobile material 1c(T")(D")1.4
is already in the extremely narrowing-limit since Tip
increases from 1.3 s (297 K) to 1.7 s (307 K) and 1.8 s
(317 K). The extraordinary mobility of the F-T/D
copolymers is also established by their high T, values,
indicating higher mobilities because the relaxation
times Ty, Of the polymers are located in the fast-motion
regime of the correlation time curve [T, 0f 1c(T™)(QX)
1.39 ms (297 K), 1.88 ms (305 K), 2.60 ms (315 K), 3.10
ms (315 K); T1p4 of 1c(T")(D')1.4 7.18 ms (297 K), 8.64
ms (305 K), 16.10 ms (315 K)]. Large T1,+ values thus
are identical with an inefficient dipolar-relaxation mech-
anism caused by fast motion in the kilohertz region.

To get a more detailed knowledge about the mobilities
of different parts of the polymer, the two-dimensional
wideline-separation (WISE) NMR spectroscopy was
applied. In Figure 4 the WISE spectra of the polymer
1c(T™)(DV)14 is depicted. The narrow lines of about 5
kHz in the F1 dimension indicating high mobilities in
the region of some 10 kHz confirm the results of the
81P relaxation data. The polysiloxane-bound ligand 1c-
(T")(D)1.4 behaves like a polymer above glass transition
temperature T4.17 The WISE spectra of the more rigid
copolymer 1c(T™)(T™), display much broader line widths
of the resonances at 30 and 0 ppm (Figure 5), demon-
strating that the polysiloxane backbone of the F-T/T
polymer is much more rigid than the corresponding
backbone of the F-T/D blend. The resonances of the
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Figure 4. WISE spectrum of polymer-bound ligand 1c(T")-
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Figure 5. WISE spectrum of polymer-bound ligand 1c(T")-
(TMa.

aromatic region and the ether moiety of compound 1c-
(TM(T™), are narrower than those of the methylene
groups of the alkyl chain, being consistent with an
increase of the mobility along the spacer.

The NMR data are confirmed by differential scanning
calorimetric (DSC) measurements (see Table 5). The
glass transition temperatures T4 for the F-T/T and
F-T/D copolymers are observed in the range between
—5.8 °C [1a(T™)(T™),;] and —61.2 °C [1b(T")(D")1.4]
(Table 5). In the case of the F-T/Q bound ligands no
glass transition could be detected. The Ty values of the
F-T/D bound ligands are lower than those of the
corresponding F-T/T blends, indicating again the higher
mobility of the less cross-linked F-T/D copolymers. The
extension of the spacer length from 3 to 6 or 8 also leads
to a decrease of the Ty values, being consistent with a
restricted flexibility of the shorter n-propyl spacers.

We were also interested if the different mobilities of
the noncomplexed ether—phosphines ligands 1(a,b,c)-
(T™M(QK, T™,DY), lead to different mobilities of the cor-
responding P-coordinated ether—phosphine ruthenium-
(1) complexes. Again the line widths in the 3P CP/
MAS NMR spectra of the immobilized complexes
2(a,b,c)(TM)3(QX, T D), decrease in the order of the
spacers n-propyl > n-hexyl > n-octyl and also in the
order of the copolymers F-T/Q > F-T/T > F-T/D (see
Table 5 and Figure 3). But the differences of the line
widths are not as significant as in the spectra of the
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Figure 7. WISE spectrum of polymer-bound complex 2¢c(T")s-
(D).

corresponding ligands. The Tpy values drop to 0.2 ms
for all polymers (Table 5). Obviously the P-coordination
of the ligands enables a fast magnetization transfer for
all types of co-condensates and spacers. The Tin
relaxation times of the polysiloxane-bound complexes
are first decreasing and then increasing on going from
room temperature to higher temperatures,® indicating
a strong dipolar interaction of the protons at room
temperature. Thus conclusions about segmental mo-
bilities cannot be drawn from this parameter.3%40 Com-
pared to the ligands the long Tip values of the poly-
siloxane-bound complexes (7—14 s) again emphasize the
reduced mobility due to the phosphorus—metal coordi-
nation.

The 2D WISE spectra of the polymers 2¢c(T™)3(QK)e
(Figure 6) and 2c(T")3(D")15 (Figure 7) confirm the
findings that the polysiloxane-bound complexes are
more rigid than the corresponding polysiloxane-bound
ligands. The line widths of the methylene groups (25—
31 ppm) are about 50 kHz, which is approximately twice
the value of compound 1c(T™)(T™), (Figure 5). The
Gaussian line shapes of the methylene resonances
(Figures 6 and 7) compared to the triangle type line
shape of the methylene groups of the polysiloxane-bound
ligand 1c(T")(T™), (Figure 5) indicate the higher mo-
bilities of the noncomplexed ligands, too.}” The line
widths in the proton dimension of the resonances of the
polymer 2¢c(T")3(QK)s (Figure 6) are approximately 10

(39) Douglas, D. C.; McBrierty, V. J. J. Chem. Phys. 1971, 54, 4085.
(40) Assink, R. A.; Wilkes, G. C. J. Polym. Eng. Sci. 1977, 17, 606.
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kHz broader than in the case of the polymer 2c(T")s-
(D15 confirming the results of 3P CP/MAS NMR line-
widths analysis. In both WISE spectra the smallest line
widths in the F1 dimension are observed for the methyl
groups [OCHj3; (near 58 ppm) and SiCHj; (near 0 ppm)]
due to their fast rotation.

Conclusion

Remarkable differences in the mobilities of polysilox-
ane-bound ether—phosphine ligands were detected. The
extension of the spacer length from n-propyl via n-hexyl
to n-octyl as well as the use of the less cross-linking co-
condensates T and D enhance the flexibility of the
matrixes. The coordination of three ether—phosphine
ligands to one ruthenium center leads to an additional
cross-linking of the matrixes and therefore strongly
reduces the mobility of the coordinating phosphorus
atoms. The differences in the mobilities detected on
“free” ligands related to the type of co-condensate and
spacer almost vanish. From the line widths of the 31P
CP/MAS NMR spectra, it is concluded that the mobili-
ties of the phosphorus atoms can be ranked in the same
way as for the polysiloxane-bound ether—phosphines.
But the interpretation of other 3!P solid-state NMR
relaxation data is not as unambiguous as in the case of
the polymer-anchored ligands. The 2D WISE NMR
experiment has shown too that the differences of the
mobilities of the immobilized ruthenium(ll) complexes
are quite small. The results of the 3IP solid-state NMR
line widths studies could be established exemplarily. In
contrast to the polysiloxane-bound ligands where an
enhancement of the mobilities along the alkyl chain was
detected by 2D WISE spectroscopy, the analogous
polysiloxane-bound complexes do not show this phe-
nomena. This is due to the additional cross-linkage of
the ligands at the ruthenium center. However, we
expect that larger differences in the mobilities will occur
with complexes which are anchored to only one or two
ligands.

Experimental Section

The elemental analyses were carried out on a Carlo Erba
Model 1106 analyzer. IR data were obtained on a Bruker IFS
48 FT-IR spectrometer. The solution nuclear magnetic reso-
nance spectra (NMR) were recorded on a Bruker AC 80 [3!P-
{*H}] and a Bruker AC 250 [*®C{*H} and 'H] spectrometer.
The frequencies, standards, and temperatures are as follows:
S1P{1H} NMR: 32.44 MHz, external 85% H3PO, in acetone-
de, 243 K. BC{*H} NMR: 62.90 MHz, internal standard TMS,
300 K. 'H NMR: 250.13 MHz, internal standard TMS, 300
K. Mass spectra (field desorption) were acquired on a Finni-
gan MAT 711A modified by AMD Mess- and Datensysteme (8
kV, 60 °C) and are reported as mass/charge (m/z). The
differential scanning calorimetric (DSC) measurements were
recorded on a Mettler DSC 820 equipment on 10 mg gels. The
heating rate was 20 K/min. The data were analyzed by the
Mettler Toledo software TA 8000. The glass transition tem-
perature was determined as the midpoint in the DSC curve.

The CP/MAS solid-state NMR spectra were recorded on a
Bruker MSL 200 (4.7 T) multinuclear spectrometer (?°Si) and
a Bruker ASX 300 (7.05 T) spectrometer (*3C and 3'P) equipped
with wide-bore magnets. Magic angle spinning was applied
at 3 kHz (**Si), 5 kHz (®'P), and 10-12 kHz (*3C). All
measurements were carried out under exclusion of molecular
oxygen. Frequencies and standards: 3P, 121.49 MHz [85%
H3PO4, NH4H,PO, (60 = 0.8) as the second standard]; 3C,
50.325 MHz [TMS, carbonyl resonance of glycin (6 = 170.09)
as the second standard]; ?°Si, 39.75 MHz (QsMs). The cross-
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polarization constants Teny and Tsin were determined by
variations of the contact time (20—25 experiments). The
proton relaxation time in the rotating frame Ty, was mea-
sured by direct proton spin lock—t—CP experiments as de-
scribed by Schaefer and Stejskal.?® Tip and Tis; values were
received using the method developed by Torchia.** The
relaxation time data were obtained by using the Bruker
software SIMFIT or Jandel software PEAKFIT. Three times
the highest Tsiy value has been used as a typical contact time
Tc for the quantitative determination of the relative amount
of the silyl species with eq 1. Peak deconvolution of the spectra
were performed with the Bruker-Spectrospin software XNMR
using Voigtian line shapes. The WISE NMR spectra were
recorded under MAS conditions (4 kHz). Between 40 and 64
t; increments with a dwell time of 3—10 us were used for each
spectrum. Cross polarization was applied with contact times
between 200 and 400 us. For a more detailed description of
other NMR parameters see ref 6.

All manipulations were performed under argon by employ-
ing the usual Schlenk techniques. Methanol was dried with
magnesium and distilled; ethanol was distilled from NaOEt.
n-Hexane and toluene were distilled from sodium benzo-
phenone ketyl. H,0, Si(OEt), (Q° Aldrich), MeSi(OMe); (T°,
Aldrich), and Me,Si(OEt), (D°, Aldrich) were distilled under
inert gas prior to use. All solvents were stored under argon.
The ether—phosphines 1(a,b)(T?),° the starting complexes cis-
CI(H)Ru(CO)(PPhg)3,*? and 2a(T?)3® were synthesized as de-
scribed previously.

(2-Methoxyethyl)(phenyl)(8-(trimethoxysilyl)octyl)-
phosphine [1c(T?%]. The synthesis of 1¢(T?) was carried out
in accordance with the literature!® by a photochemical addition
of HP(Ph)CH,CH,OCHj5 (8.41 g, 50 mmol) and 8-(trimethox-
ysilyl)oct-1-ene (12.78 g, 55 mmol) to give a colorless liquid
[yield of 1c(T%): 13.63 g, 68%]. 3'P{'H} NMR (toluene) ¢
—33.9; 3C{*H} NMR (CDCls) 6 9.1 (s, CH.Si), 22.5 (s, CH,-
CH,Si), 25.9 [d, 1Jpc = 14.1 Hz, PCH,(CHy)7], 28.2 [s, CH2(CHo)--
Si], 28.6 [d, 2Jpc = 24.1 Hz, PCH,CH,(CHy)e], 29.0 [2s,
P(CH2)sCH>CH5], 31.1 [d, XJpc = 11.7 Hz, PCH,CH,OCHs3],
33.0 [s, PCH,CH,CH_], 50.3 (s, SiOCHj3), 58.3 (s, CH,OCHy3),
70.1 [d, 2Jpc = 20.6 Hz, PCH,CH,0OCHj5], 128.3 [d, 3Jpc = 6.9
Hz, M-Carom], 128.7 (s-, p-Carom), 132.3 [d, 2Jpc = 19.1 Hz,
0-Carom], 138.5 [d, *Jpc = 14.8 Hz, i-Carom]; FD-MS m/z 400.5
(M*, 100). Anal. Calcd for CxH3;04PSi: C, 59.97; H, 9.31.
Found: C, 60.07; H, 8.97.

Preparation of the T°%Functionalized Ether—Phos-
phine Ruthenium Complexes 2b(T%)3 and 2¢c(T°)s. cis-Cl-
(H)Ru(CO)(PPh3)z was refluxed for 1 h with 3 equiv of 1(b,c)T°
in toluene. After evaporation of the solvent under vacuum,
the slightly yellow oils were dissolved in n-hexane (200 mL)
at 60 °C, and the solutions were allowed to stand 12 h at —50
°C to separate the products. This procedure was repeated to
remove PPhs.

Carbonylchlorohydridotris[(2-methoxyethyl)phenyl-
(6-(trimethoxysilyl)hexyl)phosphine-P,P’,P"Jruthenium-
(I)(TM)e [2b(T°)3]. A suspension of 1b(T° (330 mg, 0.886
mmol) and cis-ClI(H)Ru(CO)(PPh3); (281 mg, 295 mmol) in
toluene (20 mL) was refluxed for 30 min and treated with
n-hexane to form a slightly yellow oil [yield of 2b(T?)s: 208
mg, 55%]. *H NMR (Cg¢Ds) 6 —7.14 [dt, 2Jpn = 110, 2Jpy = 26
Hz, RuH]; 3P{*H} NMR (toluene) ¢ 17.8—13.9 (m, P?), —2.4
to —4.6 (m, PY); 3C{*H} NMR (C¢D¢) 6 13.6 (CH,Si), 23.0—
26.5 (PCH,(CH,)3sCH,CH,Si), 29.2—32.9 [PCH3(CH3)s, PCH,-
CH,OCHg], 50.3 (SiOCHj3), 58.3 (CH.OCHj), 68.8—69.4
(PCHzCHgOCHg), 127.6—134.3 (i-, 0-, m-, p'Carom)q 203.5 [q, ZJpc
= 13.9 Hz, RuCQO]J; IR (film on NaCl, cm™) 1911 [»(CO)]; FD-
MS m/z 1283 (M+, 10), 910 [M* — 1b(TO), 45], 874 [M* — 1b-
(T% — CI, 55], 372 [1b(T°), 100]. Anal. Calcd for
C55H100C|013P3Rusi3: C, 5149, H, 786, Cl, 276, RU, 7.88.
Found: C, 51.88; H, 8.51; Cl, 2.41; Ru, 7.54.

Carbonylchlorohydridotris[(2-methoxyethyl)phenyl-
(6-(trimethoxysilyl)octyl)phosphine-P,P',P"]Jruthenium-
(ID)(T™)6 [2c(T%)3]. A suspension of 1c(T°) (202 mg, 0.630

(41) Torchia, A. D. J. Magn. Reson. 1978, 30, 613.
(42) Ahmad, N.; Levison, J. J.; Robinson, S. D.; Uttley, M. F. Inorg.
Synth. 1974, 15, 48.
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mmol) and cis-CI(H)Ru(CO)(PPhs); (200 mg, 210 mmol) in
toluene (20 mL) was refluxed for 30 min and treated with
n-hexane to form a slightly yellow oil [yield of 2c(T?%)s: 143.6
mg, 50%]. *H NMR (CsDs) 0 —7.13 [dt, 2Jpy = 110, 2Jpy = 26
Hz, RuH]; 3P{*H} NMR (toluene) 6 17.8—14.0 (m, P?), —2.1
to —3.4 (m, PY); 3C{*H} NMR (CsDs) 4 9.1 (CH,Si), 22.5 (CH,-
CH,Si), 25.9—32.3 [P(CH_2)s], 50.3 (SiOCHs), 58.3 (CH,OCHj),
70.1 (PCH,CH,;0OCHj3), 127.5—-139.3 (i-, 0-, m-, p-Carom), 203.7
[9, 23pc = 14 Hz, RuCQ]J; IR (film on NaCl, cm™*) 1911 [»(CO)];
FD-MS m/z 965.3 [M™ — 1¢(T?), 20], 930.4 [M™ — 1¢c(TO) — ClI,
11], 401 [1¢(TP), 100]. Anal. Calcd for Cs;H112ClO13P3RUSI3:
C, 53.59; H, 8.13; Cl, 2.59; Ru, 7.05. Found: C, 53.89; H, 8.48;
Cl, 2.20; Ru, 7.39.

Sol—-Gel Processing. The polysiloxane-bound ligands 1-
(b,e)(T™)(Q4)2, 1(b,c)(T™)(T™)2, and 1(b,c)(T")s(DY)y (y = 1.1
or 1.4) and complexes 2(b,c)(T")3(Q%)e, 2(b,c)(T")3(T™)s, and
2(b,c)(T™3(D')y (y = 3.3 or 1.5) were sol—gel processed in an
analogous way as already described for 1a(T")(QX,T™,D'), (y
=2, 2,0r 1.5) and 2a(T")3(Q%, T™ D), (y = 6, 6, or 4.5).533 The
solid-state NMR spectroscopic data of these polymers are
published elsewhere in detail.5'3 Here the 3P CP/MAS NMR
spectra and relaxation times have been recorded at 121.49
MHz for reasons of comparability.

(2-Methoxyethyl)phenyl(polysiloxanylhexyl)phosphine-
(Q92 [1b(T™(QK)2]. A mixture of the O,P ligand 1b(T°) (1.0
g, 2.684 mmol), 2 equiv of Si(OEt), (Q°) (1.113 g, 5.368 mmol),
water (531 mg, 29.524 mmol), and (n-Bu),Sn(OAc); (13 mg,
0.038 mmol) was sol—gel processed to give a colorless gel. After
solvent processing and aging a white powder was formed [yield
of 1b(T")(QK)2: 1.046 g, 92%)]: 13C CP/MAS NMR 6 9.7 (CH2-
Si), 22.8 (CH,CH,Si), 26.7 [PCH3(CH>)3] 28.8—32.6 [PCH2(CHy)s,
PCH,CH,OCHg], 58.0 (CH,OCHj3), 69.9 (PCH,CH,OCHj3), 128.8
(m-, p-Carom), 132.3 (0-Carom), 138.8 (i-Carom); 2°Si MAS NMR
(SPE, silicon substructure) § —57.7 (T?), —65.1 (T3), —91.9 (Q?),
—100.2 (Q?’), —-107.3 (QA) Anal. Calcd for C15H2406,5P8i343
(idealized stoichiometry): C, 42.53; H, 5.71. Corrected stoi-
chiometry:** C, 39.31; H, 5.89. Found: C, 39.62; H, 5.71.

(2-Methoxyethyl)phenyl(polysiloxanyloctyl)phosphine-
(QY)2 [1c(T")(QK)2]. A mixture of the O,P ligand 1¢(T°) (670
mg, 1.673 mmol), 2 equiv of Si(OEt), (Q° (679 mg, 3.346
mmol), water (331 mg, 18.403 mmol), and (n-Bu),Sn(OAc), (13
mg, 0.038 mmol) was sol—gel processed to give a colorless gel.
After solvent processing and aging a white powder was formed
[yield of 1c(T")(QK),: 749 mg, 99%]: 3C CP/MAS NMR 6 14.1
(CH_Si), 18.2 (SIOCH,CHg3), 22.9 (CHCH.Si), 26.7 [PCH,-
(CH,)s] 28.8—32.6 [PCH(CHy)s, PCH,CH,OCHj3], 50.7 (SiOCHj3),
58.1 (CH,OCHj3), 66.2 (SiOCH,CHj3), 70.3 (PCH,CH,OCHj3),
128.8 (M-, p-Carom), 132.2 (0-Carom), 138.8 (i-Carom); 2°Si MAS
NMR (SPE, silicon substructure) 6 —57.0 (T?), —64.5 (T3),
—90.2 (QZ), —100.5 (Qs), —107.0 (QA) Anal. Calcd for Cy7H25065-
PSi;* (idealized stoichiometry): C, 45.17; H, 6.25. Corrected
stoichiometry:** C, 41.41; H, 6.66. Found: C, 42.31; H, 6.84.

(2-Methoxyethyl)phenyl(polysiloxanylhexyl)phosphine-
(T™)2 [1b(T")(T™),]. A mixture of the O,P ligand 1b(T°) (1.0
g, 2.684 mmol), 2 equiv of MeSi(OMe); (T°) (729 mg, 5.368
mmol), water (280 mg, 14.470 mmol), and (n-Bu),Sn(OAc); (13
mg, 0.038 mmol) was sol—gel processed to give a colorless gel.
After solvent processing and aging a white powder was formed
[yield of 1b(T")(TM),: 1.207 g, 103%]: 13C CP/MAS NMR ¢
—3.1 (SiCHg), 13.8 (CH,Si), 22.9 (CH,CH,Si), 25.6 [PCH-
(CHy)3] 28.3—31.0 [PCH(CH>)3, PCH,CH,OCHjg], 49.7 (SiOCH3),
58.0 (CH,OCHg3), 70.1 (PCH,CH,0CHpg), 128.4 (M-, p-Carom),
132.2 (0-Carom), 138.2 (i-Carom); 2°Si CP/MAS NMR (silicon
substructure) 6 —57.9 (T?), —65.7 (T3). Anal. Calcd for
C17H30055PSi3*® (idealized stoichiometry): C, 46.65; H, 6.91.
Corrected stoichiometry:* C, 45.50; H, 7.03. Found: C, 45.41;
H, 6.58.

(2-Methoxyethyl)phenyl(polysiloxanyloctyl)phosphine-
(T2 [1c(T™)(T™),]. A mixture of the O,P ligand 1c(T°) (670

(43) The broken numbers in the chemical formulas are due to SiOz,
units or to the amount of Q, T, or D silicon units.

(44) The corrected stoichiometry was obtained by adding the
additional number of OH units of the Q?, Q3, T%, T2, and D! groups
(obtained from the 2°Si CP/MAS NMR spectra) to the idealized
stoichiometry (only Q*, T3, and D? units).
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mg, 1.673 mmol), 2 equiv of MeSi(OMe); (T°) (456 mg, 3.346
mmol), water (271 mg, 15.057 mmol), and (n-Bu),Sn(OAc); (13
mg, 0.038 mmol) was sol—gel processed to give a colorless gel.
After solvent processing and aging a white powder was formed
[yield of 1c(T™)(T™),: 805 mg, 103%]: 3C CP/MAS NMR §
—2.9 (SiCHg), 13.8 (CH.Si), 23.1 (CH,CH,Si), 25.7 [PCH,-
(CH2)s] 28.2—31.2 [PCH(CH)s, PCH,CH,OCHs], 58.0
(CH,0OCHg3), 70.2 (PCH,CH,0OCH3), 128.5 (m-, p-Carom), 132.2
(0-Carom), 138.1 (i-Carom); 2°Si CP/MAS NMR (silicon substruc-
ture) 6 —58.5 (T?), —65.8 (T%). Anal. Calcd for C19H34055PSis*
(idealized stoichiometry): C, 49.00; H, 7.36. Corrected stoi-
chiometry:** C, 47.86; H, 7.47. Found: C, 48.03; H, 7.32.
(2-Methoxyethyl)phenyl(polysiloxanylhexyl)phosphine-
(DY)11 [1b(T™)(D7)11]. A mixture of the O,P ligand 1b(T°) (1.0
g, 2.684 mmol), 2 equiv of Me,Si(OEt), (D° (796 mg, 5.368
mmol), water (202 mg, 11.300 mmol), and (n-Bu),Sn(OAc), (32
mg, 0.090 mmol) was sol—gel processed to give a colorless
rubber. After solvent processing and aging a white powder
was formed [yield of 1b(T")(D").1: 0.913 g, 75%]: ¥C CP/MAS
NMR 6 1.1 (SiCHg), 13.9 (CH.Si), 23.2 (CH.CH.Si), 26.0
[PCH»(CHy)s] 28.7 [PCH,CH,CH,CH,, PCH,CH,OCHg], 33.1
[P(CH,),CH,], 58.4 (CH,OCHz), 70.1 (PCH,CH,OCH5), 128.5
(M-, p-Carom), 132.4 (0-Carom), 138.1 (i-Carom); 2°Si CP/MAS NMR
(silicon substructure) 6 —13.3 (D), —21.7 (D?), —58.7 (T?),
—67.5 (T3) Anal. Calcd for C17,2H30,GO3A6PSi2,143 (idealized
stoichiometry): C, 53.66; H, 7.77. Corrected stoichiometry:4*
C, 51.84; H, 7.90. Found: C, 48.40; H, 7.48.
(2-Methoxyethyl)phenyl(polysiloxanyloctyl)phosphine-
(D14 [1c(T")(DY)14]. A mixture of the O,P ligand 1c(T°) (670
mg, 1.673 mmol), 2 equiv of Me,Si(OEt), (D°) (496 mg, 3.346
mmol), water (211 mg, 11.711 mmol), and (n-Bu),Sn(OAc), (32
mg, 0.090 mmol) was sol—gel processed to give a colorless
rubber. After solvent processing and aging a white powder
was formed [yield of 1c(T")(D')14: 0.740 g, 92%]: 3C CP/MAS
NMR ¢ 1.3 (SiCHg), 14.2 (CH.Si), 23.4 (CH.CH.Si), 26.2
[PCH,(CHy)3] 29.5 [PCH,CH,0OCH3, PCH,CH>, P(CH2)sCH3],
31.5 [P(CH).CH.CH;], 58.0 (CH,OCHs), 70.1 (PCH,CH,-
OCHj3), 128.5 (M-, p-Carom), 132.4 (0-Carom), 138.1 (i-Carom); 2°Si
CP/MAS NMR (silicon substructure) 6 —21.7 (D?), —68.0 (T3).
Anal. Calcd for CiggH364039PSiz4* (idealized stoichiome-
try): C, 54.63; H, 8.42. Corrected stoichiometry:** C, 54.63;
H, 8.42. Found: C, 53.97; H, 8.81.
Carbonylchlorohydridotris[(2-methoxyethyl)phenyl-
(polysiloxanylhexyl)phosphine-P,P’,P"]ruthenium(l1)-
(QY6 [2b(T™)3(QX)e]. A mixture of HRUCI(CO)(P~0); [2b-
(T9)3] (1.334 g, 1.040 mmol), 6 equiv of Si(OEt), (Q°) (1.297 g,
6.240 mmol), water (618 mg, 34.120 mmol), and (n-Bu).Sn-
(OAc); (28 mg, 0.081 mmol) was sol—gel processed to give a
slightly yellow gel [yield of 2b(T™)3(QK)s: 1.479 g, 99%]: 3C
CP/MAS NMR 6§ 13.1 (CH,Si), 23.4 (CH,CH.Si), 25.6 [PCH,-
(CHa)3], 29.8 [PCH2(CHa)3, PCH,CH,OCHj3], 50.8 (SiOCHs3),
58.1 (CH,OCHj3), 68.2 (PCH,CH,OCH3), 128.7 (i-, m-, o-,
P-Carom); 2°Si CP/IMAS NMR (silicon substructure)  —49.0 (T?),
—57.1 (T?), —64.4 (T3), —92.9 (Q?), —100.6 (Q?%), —107.5 (Q*);
IR (KBr, cm™1) 1916 [»(CO)]. Anal. Calcd for C4sH73ClO25P3-
RuSiy*® (idealized stoichiometry): C, 38.47; H, 5.12; Cl, 2.47;
Ru, 7.08. Corrected stoichiometry:* C, 35.83; H, 5.53; Cl, 2.30;
Ru, 6.59. Found: C, 34.92; H, 5.46; Cl, 2.35; Ru, 7.11.
Carbonylchlorohydridotris[(2-methoxyethyl)phenyl-
(polysiloxanyloctyl)phosphine-P,P',P"Jruthenium(il)-
(QY)6 [2¢(TM3(QK)6]. A mixture of HRUCI(CO)(P~0)s [2¢c(T%)s3]
(623 mg, 0.456 mmol), 6 equiv of Si(OEt), (Q°) (0.569 g, 2.736
mmol), water (270 mg, 14.907 mmol), and (n-Bu),Sn(OAc). (28
mg, 0.081 mmol) was sol—gel processed to give a slightly yellow
gel [yield of 2¢c(T™)3(Q%)e: 0.670 mg, 97%]: 3C CP/MAS NMR
0 13.6 (CH.Si), 23.4 (CH,CHS,Si), 26.5 [PCH,(CH,)s] 29.7
[PCH(CH,)s, PCH,CH,0OCHj], 58.2 (CH,OCHy3), 68.3 (PCH,CH,-
OCHy), 128.6 (i-, m-, 0-, p-Carom); 2°Si CP/MAS NMR (silicon
substructure) 6 —57.0 (T?), —64.9 (T3), —91.2 (Q?), —99.4 (Q3),
—106.6 (Q%; IR (KBr, cm™) 1916 [»(CO)]. Anal. Calcd for
Cs2HgsClO20 5P3RUSIg* (idealized stoichiometry): C, 41.05; H,
5.63; Cl, 2.33; Ru, 6.64. Corrected stoichiometry:** C, 38.21;
H, 6.01; Cl, 2.17; Ru, 6.18. Found: C, 37.94; H, 6.47; Cl, 2.40;
Ru, 6.91.
Carbonylchlorohydridotris[(2-methoxyethyl)phenyl-
(polysiloxanylhexyl)phosphine-P,P’,P"]ruthenium(l1)-
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(T™e [2b(T™)3(T™M)s]. A mixture of HRuCI(CO)(P~O); [2b-
(T3] (1.219 g, 0.950 mmol), 6 equiv of MeSi(OMe); (T°) (775
mg, 5.700 mmol), water (614 mg, 34.120 mmol), and (n-Bu),-
Sn(OAc); (13 mg, 0.038 mmol) was sol—gel processed to give
aslightly yellow gel [yield of 2b(T™)3(T™)e: 1.327 g, 94%]: °C
CP/MAS NMR 6 —3.4 (SiCHg), 13.3 (CH,Si), 23.4 [CH,CH,Si,
PCH3(CHy)s] 31.1 [PCH,(CH)s, PCH,CH,OCHj], 49.8 (SIOCHS),
57.8 (CH,OCHg), 68.5 (PCH,CH,OCHjs), 128.6 (i-, m-, o-,
P-Carom); 2°Si CP/MAS NMR (silicon substructure) § —50.9 (T1),
—57.0 (T?), —65.1 (T3); IR (KBr, cm™%) 1914 [»(CO)]. Anal.
Calcd for Cs,Hg1ClO17.5P3RuSig* (idealized stoichiometry): C,
42.24; H, 6.20; Cl, 2.49; Ru, 6.84. Corrected stoichiometry:*
C, 40.51; H, 6.41; Cl, 2.30; Ru, 6.56. Found: C, 38.41; H, 6.14;
Cl, 2.52; Ru, 6.39.

Carbonylchlorohydridotris[(2-methoxyethyl)phenyl-
(polysiloxanyloctyl)phosphine-P,P',P"]Jruthenium(ll)-
(T™s [2c(TM)3(T™)s]. A mixture of HRuCI(CO)(P~O); [2c-
(T3] (745 mg, 0.545 mmol), 6 equiv of MeSi(OMe); (T°) (445
mg, 3.269 mmol), water (221 mg, 12.301 mmol), and (n-Bu),-
Sn(OAc), (13 mg, 0.038 mmol) was sol—gel processed to give
a slightly yellow gel [yield of 2c(T")3(T™)s: 826 mg, 97%]: 13C
CP/MAS NMR 6 —3.3 (SiCHs), 13.3 (CH,Si), 23.4 (CH,CH;-
Si), 25.4—31.1 [P(CH,)s, PCH,CH,OCHj5], 50.1 (SiOCHg), 57.9
(CH,0OCHg), 69.1 (PCH,CH,0CHg), 128.6 (i-, m-, 0-, p-Carom);
29Si CP/MAS NMR (silicon substructure) 6 —51.1 (T'), —58.8
(T2), —65.8 (T3); IR (KBr, cm™1) 1913 [»(CO)]. Anal. Calcd for
CsgH103Cl04175P3RUSIg* (idealized stoichiometry): C, 44.58; H,
6.64; Cl, 2.27; Ru, 6.47. Corrected stoichiometry:** C, 42.34;
H, 6.87; Cl, 2.15; Ru, 6.14. Found: C, 41.60; H, 6.71; Cl, 2.04;
Ru, 5.95.

Carbonylchlorohydridotris[(2-methoxyethyl)phenyl-
(polysiloxanylhexyl)phosphine-P,P',P"Jruthenium(ll)-
(D33 [2b(T)3(D")33]. A mixture of HRUCI(CO)(P~0); [2b-
(T3] (853 mg, 0.665 mmol), 6 equiv of Me,Si(OEt), (D°) (591
mg, 3.978 mmol), water (150 mg, 8.37 mmol), and (n-Bu).Sn-
(OAC)2 (35 mg, 0.100 mmol) was sol—gel processed to give a
slightly yellow gel [yield of 2b(T")3(D")s3: 798.9 mg, 74%)]: *C
CP/MAS NMR ¢ 1.0 (SiCHg), 13.9 (CH,Si), 23.7 [CH,CH,Si,
PCH2(CHy)s], 31.2 [PCHy(CH;);, PCH,CH,OCHs], 57.8
(CH,0OCHg), 68.6 (PCH,CH,0CHpgs), 128.7 (i-, m-, 0-, p-Carom);
29Si CP/MAS NMR (silicon substructure) 6 —7.7 (D%), —16.9
(DY), —21.4 (D?), —50.9 (TY), —57.0 (T?), —65.1 (T%); IR (KB,
cm™1) 1912 [»(CO)]. Anal. Calcd for Csz6Hs25Cl0131P3RUSI6 3%
(idealized stoichiometry): C, 48.21; H, 6.37; Cl, 2.71; Ru, 7.71.
Corrected stoichiometry:** C, 45.83; H, 6.49; Cl, 2.57; Ru, 7.33.
Found: C, 46.79; H, 7.16; Cl, 2.02; Ru, 8.15.

Carbonylchlorohydridotris[(2-methoxyethyl)phenyl-
(polysiloxanyloctyl)phosphine-P,P',P"]Jruthenium(I1)-
(DY)15 [2¢(TM)3(D")1s]. A mixture of HRuUCI(CO)(P~O)s [2c-
(T3] (754 mg, 0.545 mmol), 6 equiv of Me,Si(OEt), (D°) (485
mg, 3.269 mmol), water (150 mg, 8.37 mmol), and (n-Bu),Sn-
(OAC); (35 mg, 0.100 mmol) was sol—gel processed to give a
slightly yellow gel [yield of 2c(T")3(D")15: 603.1 mg, 69%]: 3C
CP/MAS NMR ¢ 1.3 (SiCHg), 14.0 (CH,Si), 23.7 [CH,CH,Si,
PCH2(CH2)s] 30.7 [PCHa(CH)s, PCH,CH,OCHs], 58.4
(CH,0OCHg), 68.5 (PCH,CH,0CHpg), 129.4 (i-, m-, 0-, p-Carom);
29Si CP/MAS NMR (silicon substructure) 6 —7.8 (D%, —15.1
(DY), —21.2 (D?), —51.4 (T%), —58.5 (T?), —66.9 (T3); IR (KBr,
cm’l) 1910 [V(CO)] Anal. Calcd for C53_5H39_5C|010P3Rusi4_543
(idealized stoichiometry): C, 51.46; H, 7.23; Cl, 2.84; Ru, 8.09.
Corrected stoichiometry:* C, 49.62; H, 7.34; Cl, 2.73; Ru, 7.80.
Found: C, 50.43; H, 6.99; CI, 2.49; Ru, 8.11.
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