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Nature of the active silane alcoholysis catalyst in
the Ruy,,Cl,(CO) (PMe;), (w, X, y, Z = 1 or 2) system;
Ru,(u-Cl),Cl,(CO),(PMe;), as a new catalyst for
silane alcoholysis in a polar solvent!

Mee-Kyung Chung, George Ferguson, Valerie Robertson, and Marcel Schlaf

Abstract: The dimeric complex Ryfu-Cl),Cl,(CO),(PMe;), (1) forms an active silane alcoholysis complex in the polar
solventN,N-dimethylamino-acetamide (DMA). The dynamic behaviourlah DMF-d; solution has been investigated

by variable temperature (VT3H NMR. The solid state structures dfand cis,cis,transRuCh(CO),(PMey), (3) have

been determined by single crystal X-ray diffractometry. Using ethylene glycol — triethylsilane as a model system, the
catalytic activity of1 in DMA is compared to that of a series of known silane alcoholysis catalysts, including
RhCI(PPh)3, PdX, (X = CI7, OAc), andcis,cis,trang[IrH ,S,L,]SbF; (L = PPh;, S = THF). Complex3 is not an ae

tive silane alcoholysis catalyst in this solvent, but is active in nonpolar solvents. Its structure and spectroscopic signa
ture is, however, different from that of a previously reported catalyst of the same composition.

Key words silane alcoholysis, polar solvent, ruthenium catalyst.

Résumé: Dans un solvant polaire comme M N-diméthylacétamide (DMA), I'alcoolyse du complexe dimére
Ru,(u-Cl),Cl,(CO),(PMe;), (1) donne lieu a la formation d’'un complexe de silane actif. Faisant appel a la RMM du

a température variable, on a étudié le comportement dynamiqueedesolution dans le DMIg,. On a déterminé les
structures del et ducis,cis,transRuCL(CO),(PMe;), (3) a I'état solide par diffraction des rayons X par un cristal

unique. Utilisant le systeme éthyléneglycol/triéthylsilane comme modeéle, on a comparé l'activité catalytifjuame

le DMA avec celles d'une série de silanes connus comme catalyseurs de I'alcoolyse, y compris RCIFRRh (X =

CI-, OAC) et cis,cis,trang[IrH,S,L,]SbF; (L = PPh;, S = THF). Dans ce solvant, ce compo8én’est pas un silane ac-

tif comme catalyseur de I'alcoolyse; il est toutefois actif dans les solvants non polaires. Sa structure et ses caractéristi-
ques spectroscopiques sont toutefois différentes de celles rapportées antérieurement pour un catalyseur de méme
composition.

Mots clés: alcoolyse de silanes, solvant polaire, catalyseur de ruthénium.

[Traduit par la Rédaction]

Introduction The high enthalpic driving force of the oxygen-silicon
bond formation, together with the entropically favourable
generation of 1 equivalent of hydrogen gas, generally results
in clean and quantitative conversions. The reaction is-cata
lyzed by a large variety of transition metal complexes (1-7).
Specific examples of highly active catalysts arg,cis,trans

[1] R'OH + HSIRs — L ROSIR, + Hay(g) [IrH,S,LoISbF; (L = PPh, S = THF) (8), all-cis-
RuCL(CO),(PMey), (9), Co(CO); (10), RhCI(PPh) (11-13),
IrX(CO)L, (L = PRy) (14), and [IrCI(GH4),], (14). Most
simply, palladium metal, generated in situ by reduction of
PdX, (X = OAc™, CI") (15) also catalyzes the reaction. An
other commercially available and metal-free catalyst system
is B(CgFs)5, recently described by Blackwell et al. (16).
DeSm_ated to Professor Brian R. James on the occasion of his  common to all these catalyst systems is that, to date, they
65" birthday. have only been tested in nonpolar, non-coordinating organic
M.-K. Chung, G. Ferguson, V. Robertson, and M. Schlaf solvents such as benzene, toluene, pentane, or methylene

The silane alcoholysis reaction (eq. [1]) constitutes an ex
ceptionally mild and efficient method of protecting hydroxyl
functions by trialkyl or aryl-silyl groups.

Recieved August 20, 2000. Published on the NRC Research
Press Web site at http://canjchem.nrc.ca on July, 11, 2001.

Department of Chemistry & Biochemistry, University of chloride. We are interested in applying the silane alcoholysis
Guelph, Guelph, ON N1G 2W1, Canada. reaction to highly polar polyol and sugar substrates with
1Contribution from the Guelph—Waterloo Centre for Graduate Multiple hydroxyl functions, which are insoluble in these

Work in Chemistry (GWC). solvents, but soluble in chemically largely inert amides such

as N,N-dimethylformamide (DMF),N-methyl-pyrrolidin-2-
2Corresponding author (telephone: (519) 824-4120 ext. 3002; one (NMP), andN,N-dimethylacetamide (DMA). In order to
fax: (519) 766-1499; e-mail: mschlaf@uoguelph.ca). establish which of a selection of the known catalyst systems
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would tolerate the anticipatezbordinative inhibitionby the  Fig. 1. Photochemically and thermally induced stereochemical
donor atoms (O, N) in these solvents, we conducted an acearrangements observed for RyCIO),(PMePh),.

tivity evaluation of a series of catalysts in DMA using ethyl PMePh, PMePh,
ene glycol and triethylsilane as a model system. In the Clm, | wCO hy ocu, | wcl
course of this study we found that the most active / U" _— / U"
homogeneous catalyst system in DMA is derived from the c Fl’M Pcho heat cl F|,M P%O
general composition RCl(CO)(PMey), (W, X, y, z=1 e e
or 2), but that the structures of the active catalyst precur cis-CO-trans-phos all-trans
sors are in fact Ryfu-Cl),Cl,(CO),(PMes), (1) or PMePh,
cis,cis,transRuCL(CO),(PMe;), (3) rather than all-cis- h e‘;\ CI//,,,,,_| .\\\\PMePhJeat
RuCL(CO),(PMey), (2) as previously reported (17). The-dy C|/Tu‘co

namic solution behaviour of dimet in amide solvents, as co

well as the solid state structures of the compleand 3 as

determined by single crystal X-ray structure analysis, are re alk-cis

ported.

alcoholysis reactions using the material isolated by us,
Results prompted us to reinvestigate the &, (CO)(PMey), sys

The conditions and reagents for the synthesis of the- catd®™m in more detail.
lyst system R}CI,(CO)(PMe,), as published are shown in

Synthesis and isolation
eq. [2] (17). The reaction of eq. [2] gives an amorphous solid from
PMes which two different products of different crystal habit are
reflux Clum, | WPMes obtained by fractional crystallization, first from GEl,—Et,O
[2]  RuCly+ 2 PMe; + CO(g) ——— / IS and subsequently from EtOH-B. The latter solvent sys-
Me = 2-methoxy-ethanol cl <|:o co tem is also the one used by Singer et al. (17). Single crys-

tal X-ray diffraction analysis revealed the structure of the
first product to be the dimeric complex Kp-
Cl),Cl,(CO,(PMey), (1) and that of the second component
Following this procedure we obtained materials that gavédo be the  mononuclear  complex cis,cis,trans-
inconsistent results with respect to catalytic activity andRuCL(CO),(PMe), (3). The yields for both productsl (and
whose NMR and IR spectra in no case matched the previd) are between 30 and 40%, with a total yield of about 70%
ously reported data. Singer et al. (17) assignedaleis  with respect to ruthenium. ByH and3'P NMR, both com-
configuration2 to their reaction product based éd NMR pounds are present in about the same ratio in the crude prod-
and IR dat& They reported a single doublet at 1.78 ppmuct, i.e., the product identity and distribution is not an
with J, p = 12 Hz in CDC} and twovw(CO) stretching fre-  artifact of the fractional crystallization.
quencies at 2085 and 2022 thin Nujol. While the IR data
and symmetry considerations supportia position of the  Structure determinations
two CO ligands, the assignment does not match with the po  ORTEP diagrams (19) of the structures of the dimer
sition of the phosphine ligands. In aill-cis arrangement Ru,(p-Cl),Cl,(CO),(PMe;), (1) and that of the mononuclear
one of the phosphines must brans to theo-donor —t-ac~ complex cis,cis,transRuCL(CO),(PMe), (3) are shown in
ceptor CO, while the other must imns to theo-donor —  Figs. 2 and 3, respectively.
r-donor Cfr. Two different chemical environments and Selected bond angles and distances of compléxasd 3
chemical shifts should, therefore, result for the phosphoruare summarized in Tables 1 and 2, respectively. The dimer
and by extension carbon and proton nuclei on the two phoshas a center of inversion in the plane defined by the two ru
phine ligands, unless their shifts are fortuitously equivalentthenium centers and the bridging chloride ligands. The two
This, however, appears to be unlikely, as the structurallyRu—CIl bond distances in this plane are, however, not equiv
very closely related compleall-cis-RuCL(CO),(PMePh),  alent, but slightly shorter (2.457 A) for the bot@nsto the
shows two separate doublets for the methyl substituents ostrongm-acceptor CO and slightly longer (2.496 A) for the
the phosphine ligands (18). Also tladi-cis configuration of  bondtransto the phosphine, resulting in a distorted diamond
this complex is thermally unstable against isomerization tashape with CI-Ru-Cl and Ru-CI-Ru bond angles in this plane
cis,cis,transRuCL(CO),(PMePh), and only accessible of 83.95 and 96.04°, respectively. The Ru—Cl bond distance
through a photochemical reaction via the even more unstablef the terminal chloride ligand is very close to that of an av
all-trans form (Fig. 1). erage value of 2.409 A as reported by Orpen et al. (20) The
The expectedH NMR of the all-trans form, i.e., a dou  other bond angles around ruthenium closely approach that of
blet of doublet or pseudo triplet for the methyl signals due toan idealized octahedral environment with bond lengths in the
coupling to the two phosphorus nuclei, equally would notexpected ranges.
match the literature spectral data. These considerations to All ruthenium ligand bond lengths in the mononuclear
gether with wide variations of catalyst activity in the silane complex3 are pairwise equivalent within theo3evel and

2

3The original formulation in the paper by Singer et al. is: “The dérivé Il (i.e., R{ED),(PMey),) isolé posséde tous ses ligands en position
cis.”
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Fig. 2. Molecular structure of the dimer complex
Ru,(u-Cl),Cl,(CO),(PMey), (1) as determined by single crystal
X-ray diffraction (ORTEP plot at 30% probability level).
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Fig. 3. Molecular structure of complegis,cis,trans
RuCL(CO),(PMey), (3) as determined by single crystal X-ray
diffraction (ORTEP plot at 30% probability level).

Ola

% L1 Cl1
Cla

fall within the expected ranges and bond angles approach
that of an idealized octahedral environment around the ru
thenium center. In the solid state the two PMigands are
staggered about the P-Ru-P axis by 63.93° breaking the oth
erwise high symmetry of the ligand arrangement.

18.0 + 0.4 kcal moft andASF = —2.7 + 0.9 cal mott K~ for

Spectroscopy ' ! A
The spectroscopic data af 1a, and3 are summarized in the reaction of the minor to the major componeky se
Table 3. la - 1) and throughKy, = k/k. to AH* = 18.4 + 0.9 kcal mof

Dissolving an authentic sample of X-ray grade crystals of@nd AS" = —3.0 £ 0.9 cal mof* K" for the reaction of the
1 in either CDC} or DMF-d, results in antH NMR spec-  Major to the minor componenkifnarg 1 — 18). Within the
trum that displays two doublets for the PMigands at the experimentally achievable error ranges the activation param-
chemical shifts listed in Table 3 in relative intensities of eters are the same for the forward and the reverse reaction,
0.42:1, with the lower shift component as the more abundan#hich reflects an equilibrium constaKt, close to unity K,
one. Based on the high symmetry of the solid state structure2nges from 0.45 to 0.49 in the temperature range used and
of 1, whose center of inversion would render the twoWas determined from the integral ratios Ofl:ﬁ'édecoupIEd
phosphines chemically and magnetically equivalent, thisignals at low temperatures and extrapolated for the higher
spectral appearance immediately suggests a breakup of tf@mperatures, where beginning coalescence makes a reliable
dimer in solution, most likely through solvent coordination integration impossible.
in the manner indicated in eq. [3], which retains the mutual Further support for the reaction of eq. [3] comes from the
trans arrangement of thet-donor chloride andtacceptor 3C and*H NMR spectra of the same sample at ambient

carbonyl. temperature. In addition to the 1:1:1 triplet for the carbonyl
carbon of free DMFd; at 162.7 ppm, a second small 1:1:1
co cl co triplet (Jc p = 30 Hz) is observed at 169.2 ppm, which we
3] OC’///..,Rd\\\\\c'///,.AJ{G\\\\P'V'e3 vos , OGS assign to the coordinated DMd-in complexla. This 1°C
Mesp/| \C(| ~co |\/|53P/| ¢ signal is matched by a very small singlet at 8.45 ppm in
o co S = Solvent cl H NMR, which disappears with the beginning coalescence

1 1a of the methyl signals and which we assign to the aldehyde

proton of coordinated DMHe. The signal reversibly reap

The variable temperature (VIEH NMR spectrum of the
methyl signals of a sample df in DMF-d; is shown in

pears upon cooling to ambient temperature.
An unambiguous assignment of the larger and smaller sets

Fig. 4 and reveals the existence of a dynamic process-in s@f peaks to 1 and la respectively follows from the

lution, which supports the above hypothesis.

13C NMR signals of the carbonyl ligands. In the dinfethe

The two doublets coalesce at ~100°C and reemerge astao carbonyl ligands are chemically and magnetically
time averaged doublet above ~120°C. In order to simplify anequivalent and should give rise to two doublets due to cou
more quantitative analysis of this process through simulapling to the phosphorus nucleus. In complga both car
tions, the VT experiment was repeated with phosphorus debonyl ligands are chemically and magnetically equivalent
coupling, which collapses the doublets into two simpleand should, thus, result only in a single doublet. Two larger
coalescing singlets. Using the MEX program by Bain anddoublets of approximately equal intensity are observed at
Duns (21) a set of spectra were simulated that matched th#98.12 and 192.93 ppm, the latter of which overlaps with a
these decoupled spectra over the temperature range from 8maller doublet at 193.08 ppm. The larger peaks must, there
to 124°C. From an Eyring plot of the rate constants calcufore, belong to compleX, bearing the two nonequivalent

lated by the program vs. T/in Kelvin) the approximate ac
tivation parameters of the process were determinebHb =

carbonyl ligands. By extension, the larger peaks in tHe
and 3P NMR spectra are assigned to the dimiewhich is

© 2001 NRC Canada
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Table 1. Selected bond lengths (A) and angles (°) in complex

Bond lengths (A) Bond angles(°)

Ru(1)—C(1) 1.885(3) C(2)-Ru(1)-C(1) 91.19(11)  C(2)-Ru(1)-Cl(11a) 94.92(8)
Ru(1)—C(2) 1.855(2) C(2)-Ru(1)-P(1) 89.85(8) C(1)-Ru(1)-Cl(11a) 90.70(7)
Ru(1)—P(1) 2.3018(6) C(1)-Ru(1)-P(1) 93.21(7) P(1)-Ru(1)-Cl(11a) 173.77(2)
Ru(1)—CI(1) 2.4018(7) C(2)-Ru(1)-CI(1) 89.16(9)  CI(1)-Ru(1)-Cl(11a) 88.30(2)
Ru(1)—CI(11) 2.4573(6) C(1)-Ru(1)-CI(1) 178.97(8)  CI(11)-Ru(1)-Cl(11a)  83.955(19)
Ru(1)—Cl(11a) 2.4967(6) P(1)-Ru(1)-CI(1) 87.77(2)  Ru(1)-Cl(11)-Ru(la) 96.043(19)
Cl(11)—Ru(la) 2.4967(6) C(2)-Ru(1)-Cl(11)  178.45(8)

Cl(11a)—Ru(1a) 2.4573(6) C(1)-Ru(1)-CI(11) 89.89(7)

0(1)—C(1) 1.126(3) P(1)-Ru(1)-CI(11) 91.20(2)

0(2)—C(2) 1.128(3) Cl(1)-Ru(1)-CI(11)  89.74(2)

Table 2. Selected bond lengths (A) and angles (°) in comBex

Bond lengths (A) Bond angles(°)

Ru(1)—CI(1) 2.4403(9) CI(1)-Ru(1)-CI(2) 91.31(4) CI(2)-Ru(1)-P(2) 87.55(4)
Ru(1)—ClI(2) 2.4323(6) Cl(1)-Ru(1)-P(1) 92.23(2) Cl(2)-Ru(1)-C(1) 178.29(11)
Ru(1)—P(1) 2.3888(11) Cl(1)-Ru(1)-P(2) 85.64(4) Cl(2)-Ru(1)-C(2) 88.86(10)
Ru(1)—P(2) 2.3905(9) Cl(1)-Ru(1)-C(2) 86.97(10) P(1)-Ru(1)-P(2) 177.17(4)
Ru(1)—C(1) 1.851(2) CI(1)-Ru(1)-C(2) 178.77(9) P(1)-Ru(1)-C(1) 89.45(10)
Ru(1)—C(2) 1.861(3) Cl(2)-Ru(1)-P(1) 90.63(4) P(1)-Ru(1)-C(2) 88.99(9)

therefore the major component in solution at ambient tem©Oehmichen and Singer (9). All other tested catalysts are
perature. active in the DMA solvent and quantitative results as deter-
The IR spectrum of the same sample bfdissolved in  mined by direct quantitative GC analysis of the reaction
CDCl; displays only two well defined bands at 2068 and mixtures are summarized in Table 4. The data gives a direct
2010 cnt?, i.e., does not show the presence of two compo-comparison of the relative activity of the catalyst systems in
nents in solution as observed by NMR. This can be rationalthe amide solvent, total yields of silylated products, as well
ized by the fact that in both complexed é&nd 1a) both  as their selectivity towards mono- and disilylation of the diol
carbonyl ligands ar¢rans to the sameat-donor chloride and substrate in the presence of one or two equiv of silane, re-
the v(CO) stretching frequencies are, therefore, presumablgpectively. The reaction times given in Table 4 refer to the
very close to or even identical with each other in both eom end point of the reaction as indicated by the end of hydrogen
plexes. gas evolution and by the complete consumption of
The NMR spectra of compleg show no dynamic phe triethylsilane as indicated by the GC trace of the reaction
nomena and display the expected coupling patterns for thmixture.
cis,cis,transarrangement. The pseudo triplet observed for Of all the catalyst systems tested, by far the most active is
the methyl signals 08, also establishes that it cannot have the dimerl, which even surpasses the activity of the hetero
been the compound originally isolated by Singer et al. (17)geneous palladium systems. The true catalyst of unknown

whose identity remains unknown. structure and composition formed froinand triethylsilane
in DMA, therefore, does not suffer from coordinative inhibi
Evaluation of the catalysts in DMA tion by the solvent. This contrasts with the behaviour of

The catalytic activity of the new complexdsand3 was  complex3, which does suffer inhibition by the solvent to the
evaluated using the ethylene glycol — triethylsilane system apoint of being inactive in the amide solvent, and the iridium
the model reaction (eq. [4]) and compared to a series of casystem [IrH,(PPh)(THF),]SbF;, which shows as many as

alyst systems consisting efs,cis,trans[IrH ,S,L,]SbF; (L = 130 000 turnovers per hour in methylene chloride solvent at
PPh, S = THF) (8), RhCI(PP§); (11-13), Ce(CO) (10),  25°C (8), but requires heating to 45°C to achieve acceptable
and PdX%, (X = CI7, OAC) (15). reaction rates in DMA. Consistent with the latter result,
Crabtree et al. (22) had previously shown that the same irid
[cat] HOCH,CH,OSiEt; ium complex suffers strong inhibition by even trace amounts
(4] HOCH,CHZOH + n EtsSiH ohe * of coordinating solvents when used as an olefin hydrogena
’ EtsSIOCH,CHo0SIEL tion catalyst. The active catalyst resulting from RhCI(RRh

also must suffer coordinative inhibition, as it has been re

In all reactions ethylene glycol (2.5 mmol) in DMA (6 mL) ported to give complete conversion to silane alcoholysis

were reacted with one or two equivalents of triethylsilane aproducts within minutes in benzene solution at 20°C and
a catalyst concentration of 3 mol% with respect to metalcatalyst concentrations as low as 0.05 mol% (13).

content. Complexe8 and Cg(CO)g are inactive in DMA, The yields of monosilylated product achieved by the €ata

however,3 is an active catalyst in THF, the solvent used bylysts in DMA solvent are moderate to good, but in no case

© 2001 NRC Canada
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Table 3. Summary of spectroscopic data for Jgu-Cl),Cl,(CO),(PMe;), (1), RuCL(CO),(PMe;)(O=C(CD;)N(CD>), (1a), and

cis,cis,transRuCL(CO),(PMe), (3).

la

1
IH NMR
CDCly 1.67 (d,Jyp = 11.6 Hz)
DMF-d, 1.74 (d,Jyp= 12.0 H2)

31p{1H} NMR (CDCl,)
13C{H} NMR

CDCly

DMF-d,

22.83 (s)

too insoluble in CDCJ

15.73 (dd,Jcp = 36.9, < 2 Hz,
CH3), 198.12 (d“]C,P =

14.8 Hz, CO), 192.93 (d)cp =
12.6 Hz, CO)

IR v(CO) (CDCE) 2068, 2010

1.70 (dJyp = 11.6 Hz)
1.81 (dJyp= 12.0 Hz)
20.74 (s)

too insoluble in CDC

17.70 (dd,Jcp = 39.1 < 2 Hz,
CHy), 169.2 (t,Jcp= 30.0 Hz,
coordinated DMFd,), 193.08 (d,
vap = 16.2 Hz, CO)

2068, 2010

1.68 (tJdyp = 4.0 Hz)

-6.70 (s)

193.27 (t,Jcp = 11.4 Hz, CO)
14.86 (t,Jcp = 16.6 Hz, CH)

2049, 1985

Note: All NMR data is reported in ppm, IR data in ¢

Fig. 4. VT H NMR spectrum ofl and 1ain DMF-d,.

JV\ 130
MO 104
M\ 118
VAN b )
Y e
a 100

la: 1.81,(d, Jyp = 12.0 Hz)

1: 1.74,(d, Jyp = 12.0 Hz)

Temperature
°O)

Activation Parameters:
71
minor —» major:
H*=18.0 + 0.4 kcal mol !
St=—-27+0.9cal mol'K-!

L 65
"
46

reach the near quantitative conversions to silylated productsne glycol also yielded E$iOH and E{SiOSiEt confirm-
typically observed in this reaction with equimolar amountsing the presence of water in the solvent. By GC-MS no
of silane and alcohol in nonpolar solvents. Even with rigor disilane EtSiSiEt could be detected in either the control or
ous drying of the hygroscopic DMA solvent by distillation any of the actual alcoholysis reactions. Both observed side
from barium oxidé under argon and subsequent storageproducts were identified and authenticated by GCNMR,
over activatd 4 A molecular sieves, some of the silane isand GC-MS, but not quantified. However, qualitatively the
consumed by the reaction with adventitious water formingamounts of the side products formed appeared to be insuffi
the silanol and siloxane side products ;&OH and cient to explain the low yields. Even though we found ne di
Et;SIOSiEL. A control experiment in the absence of ethyl rect evidence of the solvent itself reacting with the silane,

_J

major —» minor:
H*=18.4 + 0.4 kcal mol !
§%*=-30+0.9 cal mol~'K-!

4This drying agent has been suggested by Andrews (23) to be very effective for amide solvents.

© 2001 NRC Canada



954 Can. J. Chem. Vol. 79, 2001

Table 4. Comparison of relative catalyst activity and reaction yields (A 3SEDCH,CH,OH, B = E£SIOCH,CH,OSIEt) for the
silylation of ethyleneglycol with triethylsilane in DMA.

Et;SiH—glycol Rxn. temp. Rxn. time Yield A Yield B Total yield
Catalyst (equiv.) (°C) (hy2 (%)P (%)P (%)°
[IrH ,(PPh)(THF),]SbFs 1 ambient >300 44 11 55
45 4.2 42 11 53
2 ambient >300 46 40 86
45 45 29 69 98
Ru,(u-Cl),Cl,(CO),(PMe;), 1 ambient <0.1 54 9 63
0 11 50 8 58
2 ambient <0.1 58 32 90
0 2.3 55 41 96
RhCI(PPh)3 1 ambient 50 50 9 59
45 12.5 44 7 51
2 ambient 71 61 29 90
45 14.8 39 61 100
PdC} 1 ambient 0.9 41 11 52
0 1.7 46 19 65
2 ambient 1.2 44 44 88
0 4.5 22 78 100
Pd(OAc) 1 ambient 0.2 56 11 67
0 4.75 46 6 52
2 ambient 0.8 61 28 89
0 4.0 61 28 S 89

Note: Reaction conditions in all cases: 2.5 mmol ethylene glycol in 6 mL of DMA, 3 mol% metal.
%End point of reaction indicated by the end of hydrogen gas evolution and complete consumptig8ildf &t confirmed by GC.
PBy quantitative GC with respect to ethylene glycol.

i.e., there are no unaccounted peaks in the GC traces of the
silylation reactions, we cannot exclude the possibility that
the DMA solvent signal observed in the GC contains such

LM-Cl+H-SiR; —— > L,M-SiRs+ HCI

reaction products that do not chromatographically separatgs] HCI + H-SiR; ——» CI-SiR; + Hy(g)
as a result of hydrogen bond interactions within the solvent.

Another possible explanation is that larger amounts of CI-SiR; + R'OH > RO-SiR; + HCI
silanol are actually formed in the reactions, but are not de

tected because of a reaction with the GC injector liner and R' = H, CH,CH,OH

(or) the column itself.

The selectivity to monosilylation:disilylation with one  gych a pathway may, in particular, be possible in the
equivalent of silane ranges from 1:2.4 to 1:7.7. InterestinglypmA solvent, which should be capable of stabilizing highly
the most active catalyst gives some of the best selectivity polar intermediates. The HCI would be generated from the
at a ratio of 1:6.2 at yields comparable to those of the othegh|oride content of the catalysts through the reaction with
catalyst systems. As expected with two equiv Oftriethyisilane. In order to exclude this possibility, we carried
triethylsilane  the  selectivities increasingly  favour oyt a control reaction with concentrated aq HCI added in an
disilylation. Good yields of disilylated products are, how amount equimolar to the metal catalysts used, i.e., 3 mol%
ever, only achieved by PdCand the iridium system. HLO*CI~ with respect to ethylene glycol. The control reac

The temperature range investigated was limited to 0—45°Cijon asserted that HCI catalyzed processes are irrelevant, as
as we were only interested in reaction conditions that coulabnly very small amounts of silane hydrolysis and glycol
ultimately be applied to more complex and very temperaturesilylation products were detected even at greatly extended
sensitive polyols and sugars. Within this range no clear trendeaction times compared to the metal catalyzed reactions in
of temperature dependency of yields and selectivities can b&ble 4.
extracted from the data. Instead the conditions for the-opti
mization of these two goals are unique to the catalyst used.

Equation [5] shows a possible pathway of an HCI eata
lyzed silane alcoholysis, which is conceivable for the ehlo  While the selectivities and yields achieved so far are only
ride containing catalysts. moderate, the use of DMA as a solvent extends the utility of

Discussion

5GC columns of various polarity did not result in further resolution of the solvent DMA peak. A GC-MS investigation of the solvent peak it
self is not practical as it is entirely dominated by the solvent fragmentation pattern.
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Table 5. Selected single crystal X-ray crystallography parameterslfand 3.

955

1 3
Empirical formula GoH1sCl104P:R U, CgH1ClL,0,P,RU
FW 608.12 380.14
Crystal size (mm) 0.40 x 0.40 x 0.20 0.41 x 0.11 x 0.08
Crystal system Monoclinic Monoclinic
Space group P2,/c P2,/c
a (A) 7.8533(6) 6.6145(6)
b (A) 11.0683(9) 8.5160(6)
c(A) 12.4603(8) 13.6041(18)
B(E©) 100.577(7) 102.010(13)
Volume (A9) 1064.68(14) 749.53(13)
Unit cell data range @ (°) 19.11-21.02 19.10-24.50
T (K) 294(1) 294(1)
z 2 2
Pealca. (9 €NTd) 1.897 1.684
X-ray source (graphite monochromator) MaKA = 0.71073 A Mo Kx; A = 0.71073 A
U (e 2.079 1.597
Refinement F? F2
Reflections measured 2442 3404
Independent reflections 2442 3268
Observed reflections 2205 3085
Observation criterion >2 (1) >20 (1)
Intensity data rang® (°) 2.48-27.47 2.84-27.47
R2 0.0199 0.0172
wR? 0.0529 0.0408
GoF 1.058 1.094

3Definitions of indices:R, = X(F, — F)/Z(F,); WR, = [Z[w(F2 — F2)Z/Z[w(F3)7]*2

the silane alcoholysis reaction to much more polar substrateSonclusion

than previously accessible. We anticipate that with more o

complex DMA soluble polyol and carbohydrate substrates The new dimeric complex R(u-Cl),Cl(CO),(PMe),

bearing multiple hydroxyl of more differentiated reactivity, (1) forms an active silane alcoholysis catalyst in DMA. In

better overall selectivity towards silylations of a single contrast to the two other homogeneous catalysts systems in

hydroxyl function can be achieved in future studies: In Vestigated, [IrH(PPh)(THF),ISbF; and RhCI(PP); 1

creased yields of selectively silylated products may also p&oes not suffer from coordlnatlve_ |nh|b|t|on in this solvent. _

obtainable through the use of excess silane in order to ad he heterogeneous system consisting of Pd(0) generated in

count for reagent loss due to practically unavoidable trace8itu through reduction of PdX(X = CI”, OAC’) by the silane

of water in the hygroscopic solvent. a.Iso. is an active catalyst in DMA. The new complex
The similarity between the chemical and physical preper CiS:CiS:transRUCL(CO),(PMe), (3) isolated from the sar?e

ties of DMF and DMA suggests that would show very reaction mixture ad is an active silane alcoholysis catalyst

similar behaviour in DMA as observed by NMR results in in nonpolar solvents, but completely inactive in DMA.
DMF-d;,. Substitution of the labile solvent ligand iha by

either the alcohol or the silane, for the latter possibly in anExperimental

n’-fashion analogous to the mechanism proposed for

[IrH,(PPh)(THF),]SbF; by Luo and Crabtree (8), could General

start a sequence of reactions leading to the formation of the All manipulation were performed under a dry argon atmo
true catalyst. The composition and structure of the actual acsphere by standard Schlenk-tube techniques. NMR spectra
tive species, however, remain elusive. An NMR scale teacwere recorded on a Bruker Avance 400 MHz instrument and
tion of 1 with triethylsilane in DMFe, at ambient IR spectra on a BOMEM FT-IR!H NMR spectra simula
temperature resulted in complicatéd and3!P spectra sug  tions were performed using the MEX program (21). For the
gesting the formation of at least five different unidentified VT NMR studies the probe temperatures of the NMR spec
complexes in solution. Remarkably no signals were observtrometer were independently calibrated using an internal
able in the hydride region of the spectrum at this temperathermocouple3!P NMR spectra were recorded using a <ap
ture. Upon subsequent addition of an equimolar amount oillary containing 85% HPO, as the internal standard. GC
ethylene glycol to the NMR tube reaction mixture the -nor analyses were performed on a HP 6850 gas chromatograph
mal silylation products were again observed. equipped with a flame ionization detector and integrator.
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Mass spectra were obtained with a HP 5970-IN GC-MSintensities of 3 standard reflections were measured every
spectrometer at the University of Guelph Laboratory-Ser 120 reflections and showed 0.8% decay foand no decay
vices Division or on a VARIAN Saturn 2000. GC-MS/MS for 3. For both structures the position of the ruthenium at
were obtained in our own laboratory. Elemental analyse®ms were determined by the Patterson method and other
were performed by Guelph Chemical Laboratories. nonhydrogen atoms were located by successive difference

Reagents were purchased from Aldrich, Strem Chemicald;ourier  syntheses. The structures were refined
Caledon Laboratories, or Fisher Scientific and used as reanisotropically by full-matrix least-squares oR°. The
ceived. Solvents and ethylene glycol were purified by stanweighting scheme was = 1/[c%(F,?) + (aP)? + bP] whereP =
dard techniques and stored under argon. DMA was dried byF > + 2F.)/3. Hydrogen atoms were clearly visible in dif
vacuum distillation from BaO (23) and subsequently storederence maps and positioned on geometric grounds (C—H
over activatd 4 A molecular sievegIrH ,(PPh),(THF),]SbF;  0.96 A). All calculations were performed using SHELX 97
was synthesized according to the literature methods (8, 14).(24) and PLATON (25) on a Pentium Il computer running

the LINUX 2.1 operating system.

Synthesis of Ry(u-Cl),Cl,(CO),(PMe;), and
cis,cis,transRuCl,(CO),(PMejy), O-silylation of ethylene glycol

With the exception of the recrystallization procedure, this The O-silylation reactions of ethylene glycol were con
method is essentially the same as the previously publisheducted by three methods, each of which was found to be
procedure; carbon monoxide was passed through a boilingnost practical depending on the catalyst system used.
solution of ruthenium trichloride dihydrate (0.87 g) in
2-methoxyethanol (25 mL) for 3.5 h. Trimethylphosphine Method 1
(0.54 g) was added to the hot solution and carbon monoxide For catalyst [IrB(PPh),(THF),ISbF;; a DMA (3 mL) so
was passed through the boiling solution for a further 19 hlution of the Ir catalyst (0.075 mnhe 3 mol% in metal with
The solution had become brownish yellow. The solvent wagespect to ethylene glycol) and ethylene glycol (2.5 mmol,
evaporated under reduced pressure. The resulting greenish5 mg, 140puL) was prepared in a three-neck round-
white solid (yield 73%) was recrystallized from GEl,—~  bottomed flask fitted with a pressure-equilibrating addition
Et,0 giving dimeric species R-Cl),Cl,(CO),(PMey),Cl,  funnel and an Schlenk stopcock. The apparatus was con-
in 38% yield with respect to ruthenium. Subsequent evaporarected to a gas bubbler. A second DMA (3 mL) solution of
tion of the remaining mother liquor and recrystallization of EtzSiH (1 eq. = 2.5 mmol, 291 mg, 39AL or 2 eq. =
the remaining solid residue from EtOH-water gives the com®5.0 mmol, 582 mg, 7981L) was prepared in the addition
plex cis,cis,transRUCL(CO),(PMe;), in 34% yield. Total funnel. The silane solution was quickly added with stirring

yield in ruthenium is 34 + 38 = 72%. from the addition funnel to the three-neck round-bottomed
flask containing the solution of the catalyst and ethylene
Ru,(p-Cl),Cl,(CO),(PMey), (1) glycol. The rate of reaction was qualitatively followed by

For spectroscopic data, see Table 3. Anal. calcd. fomonitoring the speed of the evolved hydrogen with time un-
C,H1ClO4PRW,: C 19.74, H 2.98; found: C 19.93, H 3.03. til hydrogen evolution had stopped indicating the end point

of the reaction.
RUChL(CO),(PMe3)(O=C(CD3)N(CDs),) (1a)

For spectroscopic data see Table 3. Method 2
o For catalysts RhCI(PRJy, Ruy(u-Cl),Cl,(CO),(PMey),,
cis,cistransRUCL(CO),(PMey), (3) cis,cis, transRuCL(CO),(PMe;),, and Cg(CO);; a DMA,

For spectroscopic data see Table 3. Anal. calcd. fogg mL) solution of E;SiH (1 eq. = 2.5 mmol, 291 mg,
C8H18C|202P2RUZ C 25.26, H 4.77; found: C 25.48, H 5.21. 399 ML or 2 eqg. = 5.0 mmol, 582 mg, 7%_) and ethy|ene
glycol (2.5 mmol, 155 mg, 14QL) was prepared in the ad
X-ray crystal structure determinations dition funnel. The mixed solution was added quickly from
Colourless X-ray quality crystalline samples of both eom the addition funnel to the Schlenk flask containing catalyst
plexes ( and3) were obtained by slow crystal growth from (0.075 mmol or 0.0375 mmol for dimdr= 3 mol% of metal
saturated solutions of the respective solvent—cosolvent mixyith respect to ethylene glycol). The rate of reaction was
ture at low temperature. Intensity data were collected on gualitatively followed by monitoring the speed of the
Nonius CAD4 diffractometer. General data collection- pa evolved hydrogen with time until hydrogen evolution had
rameters are listed in Table®%Accurate cell dimension and stopped indicating the end point of the reaction.
crystal orientation matrices were obtained by a least-squares
fit of the setting angles of 25 reflections in the ranges-ndi Method 3
cated in Table 5. Data were acquired using the- 20 For catalysts PdGland Pd(OAc), a DMA (6 mL) solu
method over the ranges indicated in Table 5 and are cottion of ESIH (1 eq. = 2.5 mmol, 291 mg, 399_or 2 eq. =
rected for Lorentz-polarization and absorption effects. Thes.0 mmol, 582 mg, 798L) was prepared in an addition fun

8 CIF files containing all relevant data for the crystal structure determinatioisanfi3, as well as original kinetic data for Fig. 4, have been
deposited with CISTI. The supplementary material may be purchased from the Depository of Unpublished Data, Document Delivery,
CISTI, National Research Council Canada, Ottawa, ON K1A 0S2, Canada. For information on obtaining material electronically go to
http://www.nrc.calcisti/irm/unpub_e.shtml. Crystallographic information has also been deposited with the Cambridge Crystallographic Data
Centre. Copies of the data can be obtained, free of charge, on application to the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ,
U.K. (fax: 44-1223-336033 or e-mail: deposit@ccdc.cam.ac.uk).
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nel. The silane solution was added quickly from the additionReferences

funnel to a three-neck round-bottomed flask containing the
catalyst (0.075 mmo= 3 mol% of metal with respect to eth
ylene glycol). The system was allowed to equilibrate for ,
3 min. Ethylene glycol (2.5 mmol, 155 mg, 14@) was 3
added via a syringe into the mixture. The rate of reaction was
qualitatively followed by monitoring the speed of the evolved 4.
hydrogen with time until hydrogen evolution had stopped in 5,
dicating the end point of the reaction.

6.
Product analysis 7

The reaction products E8iOCH,CH,OH,
Et;SIOCH,CH,OSIEgt, as well as the side products;5tOH 8.
and EtSiOSIEt, were authenticated byH and 13C NMR,
and by matching their GC-MS spectra to their known frag 9.
mentation patterns available from the NIST compound

database supplied with the MS spectrometer software. Quad0.
titative analysis of the reaction mixtures was performed!l.

through multi-level calibration of the GC for ethylene
glycol, triethylsilane, E{SIOCH,CH,0H, and
Et;SIOCH,CH,OSIE% over the entire relevant concentration
range using authentic compound samples and NMP as-an i
ternal standard.

14.

Et,SIOCH,CH,OH: H NMR (CDCl;, 298K) & 3.65 (m,

4H, SIOMH,CH,OH), 2.10 (br s, 1H, ®), 0.93 (t,Jy = >
16.

8 Hz, 9H, Si(CHCHg)), 0.59 (0, Juy = 8 Hz, 6H,
Si(CH,CHy)s). C NMR (CDCl, 298K) & 63.69, 63.65
(2 s, SIQCH,CH,0H), 6.67 (s, SICH,CHy):), 4.29 (s,
Si(CH,CHy)3).

Et,SIOCHCH,OSIE: *H NMR(CDCl,, 298K) &: 3.64 (s,
4H, SIOGH,CH,0S)), 092 (t Jyy = 8 Hz, OH,
S|(CH2CH3)3), 0.58 (q7JH,H =8 HZ, 6H, S|(0’|2CH3)3) 13C
NMR (CDCl,, 298K) . 64.18 (s, SI@H,CH,OSi), 6.37 (s,
Si(CH,CHa)s), 4.34 (s, Si(CHCH3)s).
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