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Abstract: The bis(dihydrogen) complex RutH,)>(PCys). (1) reacts with the disilanes ¢RiH),X to produce

the dihydride complexes [Rufi(72-HSiR,)>X} (PCys),] (with R = Me and X= O (2a), C¢H4 (3), (CHy)2 (4),

(CHy)s3 (5), OSIMeO (6)) and R= Ph, X= O (2b)). In these complexes, the bis(silane) ligand is coordinated

to ruthenium via twao-Si—H bonds, as shown by NMR, IR, and X-ray data and by theoretical calculations.
3, 4, and6 were characterized by X-ray diffraction. In the free disilanes theHSbond distances and the

Jsi—n values are around 1.49 A and 200 Hz, respectively, whereas in the new complexes the values are in the
range 1.73-1.98 A and 22-82 Hz, respectively for the-Si—H bonds. The importance of nonbonding- i
interactions, which control the observed cis geometry of the two bulky; Rgands, is highlighted by X-ray

data and theoretical calculations. The series of bis(silane) model complexeg (F4HSIR,),X} (PR 3)2, with

X = (CH),, CgH4, (CHy)n, O, and OSIHO, and with R and R= H or Me, was investigated by density
functional theory (DFT) by means of two hybrid functionals B3LYP and B3PW9L1. In the case=ofC¥H,

three isomers were studied, the most stable of whicHlaasymmetry and whose structure closely resembles
the X-ray structure oB8. Calculated binding energies for the bis(silane) ligand to the JRiH}), fragment

vary from 130 to 192 kJ/mol, showing that in the more stable complexes, thid Sonds are bound more
strongly than dihydrogen. The dynamic behavior of these complexes has been studied by variable temperature
IH and3P{1H} NMR spectroscopy and exchange between the two types of hydrogen is characterized by
barriers of 47.5 to 68.4 kJ/mol. The effect of the bridging group X between the 2 silicons is illustrated by
reactions of compounds-6 with H,, CO,'BuNC. 3 is by far the most stable complex as no reaction occurred
even in the presence of CO, whereas elimination of the corresponding disilane and formation@fifRH
(PCys)2, RUH(COX(PCys),, or RuH('BUNC),(PCys), were observed in the case pfand4—6. The mixed
phosphine complexes [RuH7>-HSiMe,)X} (PCys)(PRs)] 3R—6R (with R = Ph and R= pyl) have been
isolated in good yields (80685%) and fully characterized by the addition of 1 equiv of the desired phosphine
to 3—6. In the case ofiPh, an X-ray determination was obtained. In the casg, elimination of the disiloxane

was always observed. Addition of 1 equiv of a disilane to Ru(COD)(COT) in the presence of 2 equiv of the
desired phosphine under an &tmosphere produces the complexes [RiizF-HSiMe) X} (PRs)2] (X = CgHa,

R = Ph BPh2) and R= pyl (3pyl2); X = (CHyp)2, R= Ph,4Ph2 R = pyl, 4pyl2). 4Ph2was also characterized

by an X-ray structure determination.

Introduction hydrosilylation, dehydrogenative silylation, and polysilane

The first silanes-complex was synthesized 30 years ago by
Graham et all,thus years before the recognition of the agostic

production? In these processes;complexes are considered as
intermediates in the key oxidative addition and reductive

bond in 19832 and the first publication of a dihydrogen elimination steps (see Scheme 1 a). Therefore a better under-

bearing as Si—H bond have been reportédctivation of Si-H the silane addition products is highly desirable.

bonds by metals is important in industrial processes such as
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Scheme 1
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The most widely studied silane complexes are of the general
formula [(7"-ChRn)(CO)LM(572-H—SiR'3)] (M = Cr (n = 6),
Mn (n = 5); L = CO, PR3; R = R’ = alkyl, aryl), and their
structures closely resemble those of oxidative addition prod-
ucts!46.7They are thus only slightly reactive and the stretched
denomination, first applied for dihydrogen compleXesn be
used.

o-(H—X) complexes result from a subtle balance between
theo donation from the HX bond to an empty metalodorbital
and the back-donation from the M(d) filled orbital of appropriate
symmetry to the HX o* orbital. Although this theoretical
interpretation of the nature of the -SH bonding has been
recognized since the extendeddkal study of Rabaat al® on
CpMn(CO)(H--+SiH3) in 1987, it took about 10 years before a
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Scheme 2.Possible Structures Resulting from the Addition
of Disilanes to Mononuclear Complexes
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offer a unique opportunity to tune the properties of the resulting
silicon compounds by changing the X bridge between the two
silicons.

Addition of disilanes or disiloxanes HRiXSiR;H (X = O,
CeHa, (CHy)p,...) to a mononuclear complex has so far only led
to silyl complexes of the types shown in Scheme 2. When one
to three atoms bridge the two silicons, structures of type | are
generally observed. Thus, a wide family of chelating disilyl

complexes have been obtained with several metal$%Re,62

more sophisticated method was applied to the study of this type Os 62 Rh!7 Ir,17ab18 pd17a.19 pt 20)  Four- or five-membered

of complex. Recently, the nature of the-NH—Si triangular ring metallocycles are easily obtained but there are also some
interactions has been investigated in the model complex Mo- examples of six-membered ring metallocyclés?%2However,
(CO)(PH)4(17%-H—SiH3) using MP2 perturbation theory by Fan  only one oxidative addition is observed by addition of HMe

et al.}%and the same authors have analyzed theoretically the Si(CH,)sSiMe;H to Pt(PPR)2(CoH4) producing the (hydrido)-

acceptor-capability of the SH o* orbital in titanium com-
plexes'® Maseras and Lledos have studied the relative stabilities
of isomers of OsCI(CO)(P¥LXY, where X and Y are either H
and ¢?>-H—SiH3) or (y>-H—H) and Sik using MP4 energies

at MP2 geometrie¥*

We have synthesized in our group the two bis(dihydrogen)
complexes Rub({H2)2(PCys), (1) and Tp*RuH(H). for which
reactivity studies provide a good illustration of the bonding
picture of theo-H, bond!! In Tp*RuH(H,),, modest back-
bonding accounts for the electrophilic nature of the dihydrogen
ligands, which is reflected by an absence of reactivity toward
CHgl or HBF,4 for example!? In contrast,1 contains two labile
dihydrogen ligands, allowing a versatile and rich reactivity that
we have studied extensively.In developing this theme, we
have examined the reactivity dftoward weakly coordinating
ligands, and we have been particularly interested in silane
activation!3¢ We have shown in particular thatserves as a
precursor for an efficient production of triethylvinylsilane
resulting from dehydrogenative silylation ofid, by HSiEg.24
We anticipated that extension of this system to functionalized

silyl complex of type (I11)202

Before this work, no complex resulting from the coordination
of a disilane compound with twor Si—H bonds had been
isolated. Complexes accommodating tewdbonds are rare: a
few bis-agostic compounds are kno#rand we have already
mentioned the two thermally stable bis(dihydrogen) ruthenium
complexes?! Recently bis or even tri§ agostic Si-H yttrium
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Chung, G.; Chaudret, B.; Castel, Alew J. Chem1994 18, 175. (e)
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(18) Loza, M.; Faller, J. W.; Crabtree, R. thorg. Chem.1995 34,
2937.
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Table 1. Selected NMR Data for [RuHl(7?-HSiR:)2X} (PCy)J], 2—6
H NMRab 29Sj NMRad
X complexes 6SiMe (55“4 6RuH AGt (kJ/moI) Te (K) s1p NMR,a'C (3p 6Si Jsip (HZ) Jsin (HZ)

O 2a 1.12 —9.48 47.5 253 49.9 —5.61 22

(0] 2b —8.60 51.0 273 45.4 4.80 41

CeHa 3 1.16 —7.74 —12.03 64.5 357 51.0 4.77 8.3 65

(CHy)2 4 093 —-821 —12.65 68.4 376 50.9 12.20 7.6 70

(CH)s 5 0.87 —8.49 —12.17 62.5 343 51.0 —-11.14 5.3 75

0OSiMe,O 6 1.06 —9.14 -11.20 62.5 333 49.8 491 9.2 82

3 CgDs, 288 K.P 400 MHz.¢161.99 MHz.979.5 MHz.

Table 2. Crystal data for Rub{ (7>-HSiMe,).CeHa} (PCys)2,CeHs (3), Rub:{ (7?-HSiMey)2(CHy)2} (PCys)2 (4),
RUHA{ (172-HSiMey)2(CHz)2} (PCys)(PPh), (CeHe)z2 (4Ph), Rub{ (17°-HSiMey)2(CH,)2} (PPh), (4Phy), and Rub{ (7*-HSiMe,):0SiMe:0} (PCys),,

[(C2Hs)20]os5 (6)

3 4 4Ph 4Ph 6
formula CisHgePoSioRuU, GHe CaoHgsPoSi-Ru CyoHesP-SioRuU, (CeHe)z C4oHs0P-SiRu CyoHgsOoP-SisRU, (CszOCsz)o,s
fw(g) 936.49 810.34 948.42 774.05 909.50
color colorless colorless colorless colorless yellow
crystal system  monoclinic monoclinic __triclinic monoclinic monoclinic
space group 12/a Cc PL P2,/c C2lc
temp, K 180 160 180 150 180
a A 20.894(2) 12.719(2) 9.908(1) 18.072(3) 20.272(2)

b, A 19.520(2) 19.109(2) 10.929(1) 10.781(1) 19.862(3)
c A 25.113(2) 18.068(2) 24.783(2) 20.773(3) 24.910(3)
a, deg 90.0 90.0 99.04(1) 90.0 90.0

S, deg 90.33(1) 90.59(1) 99.50(1) 106.86(2) 93.94(1)
y, deg 90.0 90.0 100.30(1) 90.0 90.0

Vv, A3 10242(1) 4391.0(8) 2555.6(8) 3873(1) 10006(2)
A 8 4 2 4 8

R 0.0257 0.0215 0.0318 0.0268 0.0326
Ry 0.0313 0.0244 0.0355 0.0278 0.0400
GOF 0.968 1.017 1.078 1.064 1.095

or erbium complexes have been isolatédhere are several
dinuclear complexes in which two SH bonds aren?
coordinated but with only ong2-Si—H bond on each metal
center?® There is however a series of compoud@&p*Ru],-
(u-7%-HSIRR) (u-n?>-HSIR'R"")(u-H)(H)} in which the twop
agostic interactions are on the same metal ceA#in 1989,
Luo and Crabtree described the reaction of 2 equiv Bt
or HELSISIERH with [IrH o(THF)2(PPh).](SbFs): they identi-
fied two mononuclear complexes Byl NMR for which they
proposed the coordination of two Si—H bonds?®

We reasoned that with its two labile dihydrogen ligands
was an ideal candidate to study the activation of disilanes and
disiloxanes. We wish to report here the synthesis of the first
examples of fully characterized transition metal bis(silane)
complexes [Ruk{ (72-HSiMey) X} (PCy),], in which two H-Si
bonds arep?-coordinated to the same metal. Extensive spec-
troscopic and structural characterizations, as well as theoretical

(21) (a) King, W. A.; Luo, X.-L.; Scott, B. L.; Kubas, G. J.; Zilm, K.
W. J. Am. Chem. S0d.996 118 6782. (b) Poole, A. D.; Williams, D. N.;
Kenwright, A. M.; Gibson, V. C.; Clegg, W.; Hockless, D. C. R.; O’'Neil,
P. A. Organometallics1993 12, 2549 and references therein.

(22) (a) Herrmann, W. A.; Munck, F. C.; Artus, G. R. J.; Runte, O.;
Anwander, R.Organometallics1997 16, 682. (b) Herrmann, W. A,
Eppinger, J.; Spiegler, M.; Runte, O.; AnwanderganometallicsL997,

16, 1813. (c) Rees, W. S.; Just, O.; Schumann, H.; Weimanmngew.
Chem., Int. Ed. Engl1996 35, 419.

(23) (a) Butts, M. D.; Bryan, J. C.; Luo, X. L.; Kubas, Gldorg. Chem.
1997 36, 3341. (b) Fryzuk, M. D.; Rosenberg, L.; Rettig, Slnbrg. Chim.
Acta1994 222, 345. (c) Dioumaev, V. K.; Harrod, J. Rrganometallics
1996 15, 3859. (d) Simons, R. S.; Tessier, C. @rganometallics1996
15, 2604. (e) Kim, Y. J.; Lee, S. C.; Park, J. |.; Osakada, K.; Choi, J. C.;
Yamamoto, T.Organometallics1998 17, 4929.

(24) (a) Takao, T.; Yoshida, S.; Suzuki, H.; Tanaka,®iganometallics
1995 14, 3855. (b) Suzuki, H.; Takao, T.; Tanaka, M.; Moro-oka, JY.
Chem. Soc., Chem. Commu992 476.

(25) Campion, B. K.; Heyn, R. H.; Don Tilley, Drganometallics1992

calculations, allow a detailed description of the bonding mode
of the chelating bis(silane) ligand, and highlight the importance
of formally nonbonding H-Si interactions. The influence of
the bridge between the two silicon atoms is also illustrated by
simple reactivity studies. Our results concerning the catalytic
activation of dihydrogenosilanes (or siloxanes) will be described
in a future paper. A preliminary account of part of this work
has appeared.

Results

A. Synthesis and Spectroscopic Properties of the Bis-
(silane) Complexes [RuH{ (72-HSiMe;),X} (PCys),] (with X
= 0O (2a), GH4 (3), (CH2)2 (4), (CHy)s (5), OSiIMe0 (6)),
and [RuH{ (y%-HSiPh,),0} (PCys)2] (2b). Reaction of Ruk+
(H2)2(PCys)2 (1) with 1 equiv or more of bis(silane) compounds
HR,SiXSiR,H was carried out in pentane at room temperature.
The reaction proceeded rapidly with gas evolution and after
workup, white powders were isolated in high yield {724%)
and analyzed as [Ruffi(7%-HSiR)2X} (PCys)] (with R = Me
and X= 0O (2a), CeHa (3), (CH2)2 (4), (CH2)3 (5), OSiMeO
(6)), and R=Ph, X= 0O (2b)). The complexes are characterized
by multinuclear NMR (see Table 1) and IR spectroscopies (see
Table 7) and by single-crystal X-ray diffraction in the case of
3, 4, and6 (see Tables 24, 6 and Figures 3, 4). They result
from the substitution of the two dihydrogen ligandsldfy the
corresponding disilane (see Scheme 3). The coordination of the
bis(silane) ligand to the metal center via twg-Si—H) bonds
is demonstrated by?Si NMR and IR data and confirmed by
X-ray determination in three cases. All of the complexes give
a single line in the rangé 45—51 in the3P{'H} NMR spectra
at room temperature, indicative of two equivalent phosphine
ligands.

11, 3918.
(26) Luo, X. L.; Crabtree, R. HJ. Am. Chem. S0d.989 111, 2527.

(27) Delpech, F.; Sabo-Etienne, S.; Chaudret, B.; Daran, J. @m.
Chem. Sod 997, 119, 3167.
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Table 3. Selected Interatomic Distances (A) and Angles (deg) for

the Bis(silane) Complexe$ 4Ph, 4Ph,

J. Am. Chem. Soc., Vol. 121, No. 28, 196671

377 K

4 4Ph 4Ph
Ru—Hb1 1.55(3) 1.64(3) 1.63(3) MK
Ru—Hb2 1.54(3) 1.66(3) 1.59(3)
Sil—Hb1 1.73(3) 1.80(3) 1.93(3)
Si2—Hb2 1.78(3) 1.98(3) 1.87(3)
Ru—H1 1.53(3) 1.65(3) 1.54(3) MK
Ru—H2 1.60(3) 1.49(3) 1.59(3)
Rul-Si1 2.4282(6) 2.4623(7) 2.4481(7)
Rul-Si2 2.4109(7) 2.4214(7) 2.4326(7) - /\__817K
Rul-P1 2.4474(6) 2.4219(7) 2.3694(7)
Rul-P2 2.4244(6) 2.3777(7) 2.3621(7)
Rul—-Hb1-Sil 95.1(14) 91.4(15) 86.2(14) ) /Ak 297 K
Rul-Hb2-Si2  92.9(13) 82.9(14) 89.1(15)
Hbl-Ru-Hb2  176.3(17) 172.3(15) 171.1(15) g o - T
Sil-Ru—Si2 87.36(3) 86.33(3) 86.67(2) _ 7.0 9.0 1o -130pem _
H1—-Ru—H2 102.5(12) 100.3(17) 99.1(16) Figure 1. 250 MHz 'H NMR spectra of3 in C;Dg at various
P1-Ru—P2 108.243(17)  105.06(2) 104.22(2) temperatures.
P1-Ru—H1 175.9(11) 173.2(11) 177.2(11)
P2-Ru—H2 175.1(10) 172.6(12) 177.5(11) The ’H NMR spectra o2—6 are temperature-dependent. In

Scheme 3.Synthesis o2—6 by Addition of the
Corresponding Disilane tt

the case oB—6, coalescence of the two signals in the hydride
region is obtained at high temperature, leading to one broad
signal (see Figure 1). The exchange betweenih&i(—H) and

Me,si—H Ru—H hydrides is characterized by a barrier of 64.5 kJ/mol for
", \ . 3, 68.4 kJ/mol for4, 62.5 kJ/mol for5, and 62.5 kJ/mol fob
R Vs (uncertainties of the order of 0.8 kJ/mol). These values are
H / PCys significantly higher than those measuredZajb: decoalescence
s significantly hig dZap: de
o H Ro is observed at 253 and 273 K, respectively, leading to two broad
MeZS'/\ 3 o SITH triplets atd —8.5 @n_p 13 Hz) and—9.9 (u_p 45 Hz) for 2a,
Ho. 2 POYs | H’"“F{u”"\\H and a broad singlet @ —7.6 together with a broad triplet at
H™ / “PCy, R2S'\H/ | T~PCyjz —9.36 Jn-p 43 Hz) for2b. These processes are characterized
MeoSi— | PCy; by a AG* of 47.5 and 51 kJ/mol, respectively. In the case of
\ PCys / 2a, a second decoalescence is achieved on cooling further. The
! H/f.l } H 2a,2b slow exchange limit is obtained at 178 K, and four broad signals
H/'Ru“\ of equal intensity are observed at—8.1, —8.5, —9.4, and
“H \ H —10.2. The two coalescence temperatures at 198 and 190 K
PCys combined with theAv = 195 and 94.5 Hz, respectively for the
Me,si~H / 1 \ Me,Si~H two types of protons give AG* of roughly 38 kJ/mol. The
Ho \ WPOys /o/H“' \ Py, 31P{1H} spectrum shows two very broad signals at 178 Kj at
H U‘Poy3 MezSi\O H;RU;PCy 53.2 and 52.7, with dp_p value of 27.5 Hz in agreement with
. N : a cis disposition of the two phosphines, indicative of an arrested
MeeSIS Me2Sioy structure
5 6 A labeling experiment gives further information about the

The'H NMR spectra of3—6 exhibit two resonances in the
hydride region at room temperature, in a 1:1 integration ratio.
The triplet nea —8 is attributed to the twg?- bound Si-H
protons, whereas the AKX' multiplet neard —12 is attributed
to the two classical hydrides. The reduckdp value of 13 Hz
within the triplet can be compared tiy—p values generally
observed for dihydrogen complexes Hz}81and suggests
stretching of the StH bonds. Upon phosphorus decoupling,
, comp@axes
show only one broad line in the hydride region at room
temperature, nea¥ —9. The absence of any4- Hy) ligand in
all of the new complexes was confirmed by measurements:
Timin Values higher than 140 ms were obtained.
R = Me, all of the complexe®a, 3—6 give a single line at
room temperature, nedrl integrating for 12H for the methyl
groups bound to silicon. Thus, upon coordination, the methyl
protons are clearly deshielded (they are observed between
0.15to0 0.32 in the free disilanes). In the casé,another singlet
integrating for 6H is observed &t 0.55 for the two methyl
groups bound to the inner silicon not coordinated to the

both resonances appear as a singlet. In contrast

ruthenium.

exchange process. The deuterated compound DSOHE)s-
SiMe;D was obtained by reaction of LiAlpwith CISiMex(CHy)s-
SiMexCl. Full deuteration was indicated by the total disappear-
ance of the StH septet atd 4.25 and the shift of thesi—y
band from 2113 to 1537 cmin the deuterated isomer. Addition
to 1 resulted in the formation of the? isotopomers-d which

we have isolated and characterized by NMR and IR spec-
troscopies. ThéH NMR spectrum still shows the two reso-
nances in a 1:1 integration ratio in the hydride region, but
integration of these two signals against those at low field and
particularly the methyl protons bound to the silicons)d.87
indicates 50% deuterium incorporation in each hydride site.
Deuterium incorporation into the classical hydride sites implies
a rather easy exchange process between the hydrides and the
(n?-Si—H) protons. Deuterium incorporation in these two groups
is confirmed by2H{H,3P} NMR: two broad signals are
observed ab —8.5 andd —12.2. The broad signal observed in
the 31P{1H} NMR spectrum atd 51.2 does not allow us to
distinguish the different isomers, but the signal is clearly
distorted on the high-field side, indicating a very small isotopic
shift. In addition, a spin saturation transfer experiment shows a
50% decrease in the intensity of the signabat-12.2 when

In the case of

(28) Jessop, P. G.; Morris, R. i@oord. Chem. Re 1992 121, 155.

irradiating the multiplet a6 —8.5, and vice versa.
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Table 4. Calculated Geometrical Parametefer the RuH((172-HSiH)2X)(PHs), Ground State and X-ray Data f@rand 4

Delpech et al.

x CeHs CH, (CHa)z (CHa)s  (CHa)s
B3LYP B3PWOL  X-ray for3 (180 K) B3LYP B3LYP  X-rayfor4 (160K) B3LYP B3LYP

Ru—Hb1(2) 1.681  1.672  1.60(3), 1.59(3) 1.663,1.807 1683  1.55(3), 1.54(3) 1.674  1.664
Si1(2)-Hbi(2) 1.848  1.867  1.84(2), 1.84(2) 1.768,1.585  1.853  1.73(3), 1.78(4) 1.880  1.866
Si1(2)--H1(2) 2253 2236  2.22(2),2.21(2) 2.867,2.708 2220  2.27(3), 2.31(3) 2170  2.151
Si1(2)--H2(1) 2253 2236  2.18(2),2.12(2) 2.139,4.231 2329  2.13(3), 2.12(3) 2450  2.576
Ru-Si1(2) 2.425 2409  2.4162(5),2.4280(5)  2.464,2.735  2.441  2.4282(6),2.4109(7)  2.447  2.466
Ru-H1(2) 1632  1.632  1.59(2), 1.54(2) 1.613,1.631 1631  1.53(3), 1.60(3) 1.620  1.628
Ru-P1(2) 2.378 2345  2.4628(4),2.4537(4)  2.371,2.334 2376  2.4474(6),2.4244(6)  2.384 2381
Ru-Hb1(2-Si1(2) 86.7 85.6 88.7(11), 90.1(12) 91.7,107.3 87.2 95.1(14), 92.9(13) 85.8 88.4
Hb1—Ru—Hb2 172.4 1706  172.9(12) 92.1 173.7  176.3(17) 1706  166.5
Hbl(2)-Ru-H1(2) 92.3 92.9 91.9(12), 90.6(12) 104.5,173.8 94.0 87.7(15), 87.2(14) 99.9  104.6
Hb2(1)-Ru-H1(2) 92.3 92.9 94.5(12), 91.6(12) 102.3, 87.4 89.8 94.4(15), 89.3(15) 85.8 84.3
Si1-Ru-Si2 88.5 88.2 87.943(17) 70.0 88.3 87.36(3) 940  107.4
H1-Ru—H2 1045  104.3 98.8(11) 83.8 105.9  102.5(12) 105.9 98.7
P1(2-Ru-H1(2) 1770  177.3  175.2(8), 171.8(8) 167.6, 85.2 1755  175.9(11),175.1(10)  172.3 1717
P1(2-Ru-H2(1) 785 78.4 78.8 (8), 73.8 (8) 84.7,78.6 78.1 76.4(10), 72.9(10) 78.3 82.2
P1(2-Ru-Si1(2) 117.9  117.8  117.75(2),120.12(2)  124.9,101.7 1146  116.80(2), 111.52(2)  106.7 98.8
P1(2-Ru-Si2(1) 117.9  117.8  112.30(2),109.12(2)  120.5,137.3  121.7  115.86(2), 115.99(2) 127.2 1286
P1-Ru—P2 98.4 98.9  108.80(2) 95.9 98.0  108.243(17) 98.2 98.2

aSee Figures 5 and 6 for labeling of the atoms. Distances are in A and angles in degrees.

T “
P gg B Series 1
ﬁ 1 |H Series 2
- 7
,/a :
A
1 2 3
n number

Figure 2. Plot of Jsi—4 values (Hz) vs the numben) of atoms bridging
the two silicons within the bis(silane) complex2s6. Series 1 witn
=1,2an=2,3n=3,5 Series2witm=1,2b;n=2,4,n=3,
6.

Various?°Si NMR experiments were performed in order to
determine thdsi—p andJsi—n values. Data are reported in Table
1. The values 0(?°Si) for the different compounds vary in a
relatively narrow range: frond 12.2 to 11.1. The°Si {1H}
NMR spectra foi3—6 show a triplet with &lsi—p value close to
8 Hz and the?®Si {31P} INEPT spectra show a doublet with
Jsi-p values between 22 and 82 Hz. The magnitudegpfy

S &V

Figure 3. ORTEP view of compound. Ellipsoids are drawn at 50%
probability level.

The IR spectra (in Nujol) of compounds-6 display two
broad bands for the RtH stretches in the range 2044955
cm~! characteristic of a cis dihydride structure and an intense
broad band for the Ru(»?-Si—H) bonds in the range 1670
1800 cnt1! (see Table 7). The (H—Si) of the free disilane is
found at 2111 cm! for (HSiIMey)(CH,),, 2113 cn! for
(HSiMey)2(CHy)s, 2122 cn1? for (HSiPhy),0, 2129 cntt for
(HSiMe,),0 and for (HSiMeg),(OSiMe0), and 2148 cm' for
(HSiM&,)2(CsH4). Thus, a low-frequency shift of 310 crhin

can be related to the length of the bridge between the two the case ob and up to 452 cm* in the case oRb is observed

silicons: the lowest values are obtained &b (22 and 41

for the activated Ru(32-Si—H) bonds. Further analysis will

Hz, respectively) in which only one atom connects the two be found in the theoretical section. Complexation of the disilane

silicons; intermediate values are found for compouBdsid4

also results in a splitting of the band of the SiMgoups into

(65 and 70 Hz, respectively), and the highest values are obtainec? © 3 bands between 1230 and 1270 ¢émin the bis-

for 5 and6 in which three atoms connect the two silicons (7

and 82 Hz, respectively) (see Figure 2). The data can be

rationalized as follows: (i) All of the values fall in the range
corresponding to a M#?-Si—H) interaction; in no case does
the activation of the disilane result in the breaking of the$i

bonds, and no hydrido(silyl) complex is obtained. (ii) The degree

of activation of the Si-H bonds is to a certain extent related to

the chain length between the two silicons: a weak activation is
favored by a long chain, as reflected by the values observed

for compounds and®6.

5 (dihydrogen) compleX, two Ru—H stretches are observed at

1927 and 1890 cri. These bands cannot be considered as pure
modes (coupling with thenf- Hy) ligands must be presertd,
but they are clearly shifted to low frequencies by comparison
to the bands observed for all the bis(silane) compleXxes.

B. X-ray Structural Determination of [RuH »{(12-HSi-
Me2)2X} (PCys)z] (with X = CgHy (3), (CHo)2 (4), OSiMe;O
(6)). The X-ray structures 08, 4, and 6 were determined at

(29) Bender, B. R.; Kubas, G. J.; Jones, L. H.; Swanson, B. I.; Eckert,
J.; Capps, K. A.; Hoff C. DJ. Am. Chem. S0d.997, 119, 9179.
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Figure 4. ORTEP view of compoun@. Ellipsoids are drawn at 50%
probability level.

low temperature (see Tables 2, 3, 4,and 6 and Figures 3 and 4)
The X-ray structure of3 has already been reported in the
preliminary paper but at room temperatéfé.ow-temperature
measurements allow better location of the hydrogen atoms. The,

three compounds present roughly the same geometry. The

ruthenium atom is in a pseudo-octahedral environment. The
chelating bis(silane) occupies two coordination sites with the
hydrogens being in the axial positions. The angles HRL—

Hb2 are greater than 170The phosphines are in a cis position
and the P-Ru—P angle remains the same for the 3 structures
(~108). A trans geometry for the two tricyclohexylphosphines
is generally observed in [Ru](P@y complexes! In our
compounds a cis position results from the stabilization of the

J. Am. Chem. Soc., Vol. 121, No. 28, 196673

Scheme 4.Five Possible Isomers for the Bis(silane)
Complexes

H
Sim, | P
( Pl
SI\H | p
H
D E

SiMe] is 85.8,%1 whereas in the five-membered ring [Rh]-
[SiMey(CH,),SiMey]17¢ it is reduced to 805 and 80.7 in
{I[SiMe 2(CgH4)SiMey].18 It should be noted that in this last
example, an addition reaction of HSiMEsH4)SiMe;H to IrHs-
(PPhy) is observed, affording the trihydride bis(silyl) iridium
complex IrH[SiMex(CsHa)SiMey](PPHy), with loss of dihydro-
gen, as opposed to the substitution efty the disilane observed
during the formation o8.

C. Theoretical Calculations.A series of chelating bis(silane)
model complexes, Ruffl(7?-HSIiR;).X}(PR3),, with X =
(CH),, CgH4, (CHy)n, O, and OSIHO and with R and R=H
or Me, was investigated in order to understand the coordination
of the Si-H o bond to the ruthenium center. Five isomers can
be envisaged for the complexes in whicheXCgHy4 or (CH),
and R= R’ = H, depending on the relative orientations of the

disilane coordination through an interaction between the terminal | o 0,5 ligands. All five may be described as pseudo-octahedral

hydrides H1 and H2 and the Si atoms (see Theoretical it two cis or trans phosphines (see Scheme 4, where P
Calculations and Discussion). We will see in the Reactivity represents PR). The isomers that contain two mutually trans
Studies that for phosphines with different steric and electronic hydrides, D and E, need not be considered in detail. They would

properties.the same geometry is obtained. The plane contai.ning,Oe very high-energy structures due to the straspnor ability
the ruthenium, the two phosphorus atoms, and the two hydridesyg e hydride ligand? The three other isomers (A, B, and C)
is perpendicular to that containing the twp{Si—H) ligands. have been characterized on the singlet potential energy surface.

The ?-Si—H) coordination is confirmed by a significant The ; G . e
- ) i y are depicted in Figure 5 where X CgHy4; optimized
lengthening of the SiHb bonds: 1.84(2) A fo8, 1.73(3) and geometrical parameters for isomer A, obtained from two

1.78(3) A fo_r4, and 1.81(3) and 1.77(4) A f@ (~1.49 A in different hybrid functionals B3LYP and B3PW91, are sum-
the free disilanes). The four RiH bond lengths are undif- 514,64 in Table 4. Selected distances calculated for the three
ferentiated 1.6 A) for the three compounds and similar to isomers A, B, and C (X is §H.) at the B3LYP level of theory
those normally observed for ruthenium hydride complexes. The 56 hresented in Table 5. Vibrational frequency calculations
nonbonding St-H distances vary from 2.04 t0 2.43 A, thus  ghoued all three isomers to be local minima. It was important

allowing somhe St-H in'geracrion as Iwe wil Seﬁ i?] the {5 determine whether the structural and energetic comparisons
Discussion. The ReHb—Si angles are close to 9@r the three o4 ieq here are sensitive to the particular variety of DFT

compounds. The RuSi distance is alsoza good indicator of  opioyed. A detailed comparison of the B3LYP and B3PW91
the degree of activation of the-Sit bond.*-Silane complexes 5o metrical results in Table 4 shows only trivial differences
normally have StH distances higher than silyl complexes. In - poqyeen the two sets; the relative energies found with the two

mononuclear silyl ruthenil)J&rr;Ocomplexes, the-RSi distances ¢ tational methods for isomers A, B, and C for the complex
are in the range 2.342.45 A3%In our compounds, the RtSi where X is CH=CH are also very similar.

bond lengths vary fr_om 2.41 to 2.48 A, thus comparatively The geometry of isomer A is &, distorted octahedron in
Ionoger. The StRu—Si angles in3 (87.94(2) and 4 (87.36- which the two axial coordination sites are occupied bysjhe
(3)°) are similar. Thus the rigidity due to the ring &has N0 g phonds of the chelating bis(silane) ligand. The structure
influence on the structure, whereassira longer chain between ¢ yhis isomer closely resembles that found by low-temperature
the two silicons imposes a more open angle (97.23(2) is X-ray diffraction for 3 in all important respects. The two H
noteworthy that in our bis(silane) compounds the tuy6 $i— atoms from then2-Si—H bonds, denoted Hb, are therefore
H) bonds impose an opening of the—8#—Si angle by 4ot trans to each other. They occupy bridging positions

comparison to disilylmetallocycles. For example, the-&i— between a Si and the Ru, giving an HBRU—Hb2 angle of
Si angle in the six-membered ring metallocycle [Pd][Si{@&1,)s- '

(31) Suginome, M.; Oike, H.; Shuff, P. H.; Ito, @rganometallics1996
15, 2170.
(32) Clot, E.; Eisenstein, Ql. Phys. Chem1998 102, 3592.

(30) Don Tilley, T. InThe Silicon-Heteroatom BonRatai, S., Rappoport,
Z., Eds.; John Wiley & Sons: Chichester, 1994; Chapter 9.
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Isomer A
Coy)

Figure 5. The three B3LYP-optimized isomeric structures of RuH
{ (7*HbSiH,)2CeHa} (PH)2.

172. Then?-coordination mode of the SiHb bonds is clearly

Delpech et al.

Table 5. Selected RutheniumHydrogen and SiliconHydrogen
Distances (in A) for the Three Isomers of
RuH((7?-HSiH,)2CsHa)(PHs), Calculated at the DFT/B3LYP Level
of Theory

isomer A B C
Ru—Hb1 1.681 1.629 1.662
Ru—Hb2 1.681 1.621 1.662
Ru—H1 1.632 1.606 1.623
Ru—H2 1.632 1.644 1.623
Sil—Hb1l 1.848 1.808 1.715
Sil:--H2 2.253 3.521 3.423
Si2—Hb2 1.848 2.144 1.715
Si2:--H1 2.253 3.582 3.423

aFor the nonsymmetrical isomer B, there are two other significant
’s&ilicon—hydrogen distances, StiH1 = 3.120 A and Si2-H2 = 4.060

one phosphine is now trans to a-%ib bond, while the other
is trans to a hydride, so that isomer B has no symmetry
whatsoever €;). The two Si-Hb bond lengths are very
different; Siz-Hb1 is 0.32 A longer than a SH bond in an
isolated silane, similar to the extension found for isomer A, but
Si2—Hb2 is longer by a further 0.34 A, indicating an almost
broken bond. The Si2Hb2 bond is therefore much more
activated than SitHb1. This result may also be deduced from
the difference between the two Rilb—Si angles, which are
93° for Ru—Hb1-Sil but 81.8 for Ru—Hb2—-Si2 (see Sup-
porting Information). If we suppose that the activation mech-
anism of an Si-H o bond on a metallic center begins with the
H atom approaching the metal, followed by a rotation of the Si
atom toward the metal to form thej%Si—H) complex (see
Scheme 1 b), we see that we may use theHb—Si angle as
an indicator of the degree of activation of the-$ib bond:
the smaller the value of this angle, the greater the activation of
the Si-H bond. The weak interactions between the silicon atoms
and the hydrides H1 and H2 already noted for isomer A do not
exist in isomer B. The calculated SilH2 and Si2--H1
distances of 3.52 and 3.58 A, respectively, exceed the sum of
the van der Waals radii. Two other silicohydrogen distances
must be considered for the nonsymmetrical isomer B, but these
are also too long to imply a noticeable-3il interaction (see
Table 5).

Isomer C ha&,, symmetry; the two StHb and Ru-H bonds
lie in a common plane, each hydride being trans to ant-fi
bond. The other symmetry plane contains the Ru and two P
atoms, with the two phosphines occupying the axial sites of
the pseudo-octahedron. As expected, the calculateeRRt
P2 angle of 169.%is close to 180. Two indicators show that
the Si-Hb bonds are less activated in isomer C than in the
others: the SiHb bonds are only 0.23 A longer than in a free

shown by a lengthening of about 24% of these bonds comparedsilane, a lengthening of 15% compared to 24% for isomer A,

to a typical Si-H bond distance of 1.49 A. However, the Ru

and the value of the RtHb—Si angles (101.9 is substantially

Hb bonds are only slightly longer (by 0.05 A) than the greater than 90 This reduction of the SiHb bond activation,
“classical” Ru—H bonds. The classical hydrides H1 and H2 are together with the lack of any interaction between the silicon
turned toward the silicon atoms, with the consequence that theatoms and the hydrides (prevented by the coordination geometry
phosphines are cis to each other. This situation is unusual wheraround Ru), leads to isomer C being the least stable of the three;

we note that isomer A is the lowest-energy isomer for RuH
{ (7>-HSiH,),X} (PHs), with X = CgH4 or (CH). The distances

it is 45 kJ/mol above isomer A.
To determine whether the benzene ring plays a role in the

between the silicon atoms and the hydrides H1 and H2 are onlyrelative stability of the three isomers, we reoptimized the
2.25 A, much shorter than the sum of the van der Waals radii geometries of isomers A, B, and C changing the bridging group
of silicon and hydrogen (3.3 A). This observation suggests that X to (CH),. Bond lengths involving ruthenium are changed by
there are weak attractive interactions between the Si and Hless than 0.003 A for isomer A and by less than 0.015 A for

atoms. On the other hand, the ruthenidhydride bonds are
slightly longer, by 0.011 A, than those in Rp(##?-H2)o(PH),.13"

isomers B and C, while the greatest changes to bond angles are
1° for A, 2.6° for B, and 1.8 for isomer C. No significant

Isomer B, which is 32 kJ/mol less stable than A, also has the change is found for the relative energies of the three isomers.

phosphines in a cis position. The calculated-RL—P2 angle
is 97.9, very similar to the value of 98%4n isomer A. However,

We deduce that there is no particular influence of the benzene
ring.



Complexes Containing Two Riy2-Si—H) Bonds J. Am. Chem. Soc., Vol. 121, No. 28, 1986875

©
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Figure 6. The B3LYP-optimized structures of the Reftfty?>-HbSiH,)(CH,)n} (PHs), series.

We initially adopted the simplifying assumption that the alkyl chelating angle SiRu—Si increases steadily from 88.30
groups on both silicon and phosphorus atoms in the real systemsl07.£ with the length of the bridging alkyl chain. As already
could safely be replaced by hydrogen atoms. To verify this mentioned, all of these structures are stabilized by weak
assumption, we also optimized the geometries of isomers A andattractive interactions between the Si and the classical hydrides
C for the complexes Rufi(y2-HSiMe;),CoH,} (PHs), and Ruk- H1 and H2, as shown by the shortSH distances in the range
{ (n%-HSiH,),CHJ} (PMey),. There is no influence on the relative  2.15-2.58 A. The complex with a single bridging Gldroup
energies of the isomers; C remains less stable than A by 42 is a special case in the series because its B3LYP-optimized
45 kJ/mol. The only notable difference is the calculated value geometry has no symmetry. @, symmetry is imposed, with
of the P1:-Ru—P2 angle in isomer A. While this angle is around two equivalent Si-Hb bonds, the four-membered metallocycle
98—-99° for complexes with PHl ligands, no matter which would be too strained. &£ structure that is 16.3 kJ/mol lower
bridging group X is present, it increases appreciably to 105.5 in energy is found when unconstrained optimizations are
when PMg ligands are present, due to the steric bulk of the performed.
phosphine; this value is close to the experimental result of 108.8  To study the influence of the chelating chain X, we also
found with PCy ligands (see section B). optimized the geometries of bis(silane) complexes in which the

For all of the other bis(silane) complexes studied theoretically, alkyl chain was replaced by disiloxane ligands. The B3LYP-
we optimized only the structure corresponding to isomer A. The optimized structures of Rufl(12-HSiH,).0} (PHs), and RuH-
B3LYP-optimized geometries for the Ruiy?-HSiHy)2(CHy)n} - { (7?-HSiH,),0(SiH,)O} (PHs), are presented in Figure 7, and
(PHg), series are displayed in Figure 6, and the corresponding the corresponding geometrical parameters, together with the
calculated geometrical parameters as well as X-ray datd for X-ray crystal structure results fd@, are listed in Table 6. For
are listed in Table 4. The geometry optimized for the= 2 the case where X O, aC,, stationary point was located that
species withCy, symmetry proved to be a transition state. was shown to be a transition state with a single imaginary
Following the imaginary vibrational frequency, one reaches a vibrational frequency (243m™1); the only true minimum that
structure ofC, symmetry, 13.8 kJ/mol lower in energy, that is could be located has no symmet@) and is 15.5 kJ/mol lower
a true minimum. In this structure, the €C2 bond lies out of in energy. One of the SiHb bonds, SitHbl, is suitably
the plane formed by the Sil, Si2, and Ru atoms by.9rbthe activated because its length is 0.29 A greater than a classical
same way, the@ = 3 andn = 4 species belong to the, point Si—H bond in a free silane and the Rilb1—-Sil angle is 90.3
group. For these three complexes, the two equivalent®i whereas the other, SiHb2, is not particularly activated
bonds are stretched by 0:36.39 A, and the RuHb-Si angles because it is stretched by only 0.11 A and the corresponding
are about 87 indicating that the degree of activation of the Ru—Hb2—Si2 angle is 10% This situation is the result of an
Si—Hb bonds is comparable to that encountered in isomer A excessive strain imposed in the four-membered metallocycle
of RuHy{ (72-HSiH,)2(CsH4)} (PHs)2. However, we note thatthe  with a chelating Si-Ru—Si angle of only 65.2 As a conse-
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C1)
Figure 7. The B3LYP-optimized structures of RufH{?-HbSiH,).X} (PHs), with X = O, OSiH0.
Table 6. Calculated Geometrical Parametefsr the Calculated values of the binding energies for eight different
EUW((’?E':?',\"Az)ZXgFS’!ﬁ)Z 8"‘;{8”9 29“‘35 and X-ray Data for compounds containing the (HSi}X ligand to the unsaturated
ubp((r*-HSi eZ)ZX : gz )(X y;);S'HzO S oses RuHx(PHs), fragment are reported in Table 8. Since the products
=0, = OSiH,0, = OSiMeO, are more stable than the reactants, the energy differences are
B3LYP B3LYP X-ray for6 (180 K) negative. Several different energetic quantities are displayed.
Ru—Hb1 1.658 1.670 1.62(4) AE represents the difference in electronic energy, each fragment
Ru—Hb2 1.805 1.667 1.58(4) being in its ground-state geometry optimized at the same level
Sil—Hb1 1.784 1.826 1.77(4) :

: of theory. The zero-point energy (ZPE) and thermal enthalpy
Si2—Hb2 1.596 1.839 1.81(3) T = 298.15 K dp = 1 . b
Sile++H1 2.125 2170 2.25(3) (T = 298.15 K andP = 1 atm) correction terms may be
Sj2-+-H2 4.181 2.168 2.04(3) computed from the results of the vibrational frequency calcula-
Sil-+-H2 2.913 2.484 2.43(3) tions. The reaction enthalp&H® can then be derived. While
Si2---H1 2.670 2.426 2.32(3) absolute errors of the order of 20 kJ/mol may be present, we
Ru-Sil 2.442 2.451 2.4841(7) expect that trends in the values for a related series should be
Ru—Si2 2.700 2.447 2.4336(7) h liabl heref lude th h I
RU-H1 1627 1632 1.55(4) rather reliable. We therefore conclude that there are well-
RU—H?2 1.614 1.634 1.51(3) estab_hshed dlffert_enc_es in the electronic binding energies as a
Ru-P1 2.377 2.382 2.4540(7) function of the bridging group X, as these vary from 130 to
Ru—P2 _ 2.340 2.382 2.4614(6) 192 kJ/mol.

Ru-Hbl-Si1  90.3 89.0 94.018) D. Reactivity Studies. With Hp, CO, or 'BUNC (see Scheme
Ru—Hb2-Si2 105.0 88.4 91.7(17) . .
Hbl—Ru—Hb2 92.4 167.0 169.2(17) 5). 1was shown previously to generate the d_|ca_1rbonyl co_mplex
Hbl—Ru—H1 105.0 100.4 90.7(18) RuUHx(CO)(PCy) (7) by Ho/CO exchangé3€ Similar behavior
Hb1—Ru—H2 86.5 88.5 100.3(18) is observed in the case @hb, 5, and6 as they readily react
Hb2-Ru-H1 ~ 102.8 88.4 94.1(18) with CO to produce the same ruthenium compl@éxwith
Hb2—Ru—H2 174.3 99.5 88.6(17) elimination of the corresponding disilane. However, a very slow
Sil—Ru—Si2 65.2 100.5 97.25(2) . is ob d in th o h 10% of |
H1-Ru—H2 829 99.6 97.8(18) reaction is observed in the case f(_ess than b o is
P1—Ru—P2 26.1 100.1 108.36(2) obtained after bubbling CO for 2 min), whereas no reaction
P1-Ru-Sil 126.0 124.3 115.29(2) occurs in the case ¢ after prolonged CO bubbling. Under 3
P1-Ru-Si2 121.6 105.9 108.76(2) bar of CO,3 decomposes to a mixture of compounds from which
P2-Ru-Sil  136.9 104.5 108.09(2) Ru(CO}(PCys), was characterized as the major product.
P2-Ru-Si2 103.1 123.6 119.09(2) CoAY o . .
P1—Ru—H1 166.9 174.7 174.7(12) Elimination of the bis(silane) ligands can also be achieved
P1-Ru—H2 85.0 80.3 77.0(14) by addition of 2 equiv ofBUNC to a GDg or pentane solution
P2-Ru—H1 77.9 80.4 76.9(12) of 2 or 4—6, and the dihydride complex RuBUNC),(PCys)2
P2-Ru-H2 84.9 175.4 174.4(13) (8) is formed quantitatively8 can also be isolated frorh in
aSee Figure 7 for labeling of the atoms. Distances are in A and 92% Yield and is characterized in particular by a hydride
angles in degrees. resonance ai —9.49 (t,Jr—n = 24 Hz). Stronger coordination

of the bis(silane) ligand iB is again demonstrated since partial

guence, the classical hydride H2 is located far from the silicon conversion intd is observed. In an attempt to substitute only
atoms and the attractive -SiH interactions are possible only  one ¢?-Si—H) we added 1 equiv dBuNC to a solution oPa,
with H1. The complex in which X= OSiH,O behaves 4—6: a mixture of the starting complex arf8lwas obtained.
differently. Although it also belongs to th@; point group, the However, for2b, a mixture of8 and a new complex tentatively
two Si—Hb bonds are activated to approximately the same formulated as Rubl(7?>-HSiPh)OSi(PR)H]('BUNC)(PCy), was
extent. The degree of activation of the two-$ib bonds is obtained. In all of these reactions, the elimination of the disilanes
comparable to that observed in isomer A of R{p§2-HSiH,),- was confirmed byH NMR and GC.
(CeHa)} (PHs)2- The bis(silane) complexes are obtained in good yield from

Vibrational wavenumbers and infrared intensities calculated the reaction oflL with the corresponding disilane. The reaction
at the B3LYP level of theory are presented in Table 7 for the is totally reversed in the case @& and2b after bubbling H
Ru—Hb and Ru-H stretching modes of the bis(silane) model for 2 or 10 min respectivelyl and the disiloxane are obtained
complexes studied in this work. The most intense band in all quantitatively as shown by NMR spectroscopy. The same
cases is the RuHb antisymmetric stretch. reaction is observed fd& and6, but after 2 min, only 50% of
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Table 7. Vibrational Frequenciégcm™) and Infrared Intensiti#gkm/mol) for the Ru-H and Ru-Hb Stretching Modes in

RuUHx((57%-HbSIiR,)X)(PRs)2

X = CgHa X = (CHp)2 X = (CHp)s X=0 X =0SiH,0 X = 0SiMe0
R = Me R = Me R = Me R=Me R=Ph R = Me
R=R =H R=Cy R=R=H R=Cy R=R=H R=Cy R=R=H R=Cy R=Cy R=R =H R =Cy
B3LYP exptl B3LYP exptl B3LYP exptl B3LYP exptl exptl B3LYP exptl
Ru—H as stretch 2013 (80) 1969 2016 (97) 1981 2065 (84) 1994 2018 (108) 1969 1976 2007 (103) 1955
Ru—H s stretch 2018 (108) 1985 2022 (89) 2012 2063 (57) 1961 2040 (76) 2045 2019 2020 (100) 2045
Ru—Hb as stretch 1769 (208) 1778  1761(236) 1773 1799 (214) 1803 1632(238) 1699 1670 1839 (245) 1798
Ru—Hb s stretch 1968 (10) — 1962 (12) — 1990 (6) — 1955 (100) - - 2015 (8) -

a As stands for asymmetric and s for symmetfitntensities are in parentheses.

Table 8. Calculated Binding Energies (kJ/mol) of (HS X in
the RuH((?-HSiH,)2X)(PHs), Complex at the DFT/B3LYP Level
of Theory

X (CH)2 CsHa CHz (CHp)2 (CH2sz (CHz)s O O(SiH)O
AE —192 —-186 —130 —169 —140 -—-133 —-140 —189
AE+ —183 —-178 —120 —159 -130 -—123 —-129 -—178

ZPE
AH® —181 —125 —-164 -—134 -—127 —183

Scheme 5.Reactivity of2—6 with Hp, CO, 'BUNC

MeQSi/\H
/ H., .
;RU;PCyg + 2L 100 % conversion
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L/, H
2,56 “RUZT 4 (HSIRg)X
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H PCys
Me,Si—
- \ oG L = Hy, 1.
I, Lav Y3 _
H’RU‘PC + 2L “Jow conversion L=CO,7.
| POy L ='BUNC, 8.
MeZSi\H
4
MeZSi/\H
H’l‘ A .
;F!u"\’:’cy3 + 2L _y_. no reaction
H / PCys AN
Me,Si
2 \H
3

1is produced. A reaction time of 50 min and pressure of 3 bar
are required to reach 10% conversiordpfvhereas after 24 h,
3 remains unchanged.

With Various PR3 (see Scheme 6)/NVe have compared the
effect of the addition of various phosphines to complexes.

We have used phosphines with various steric and electronic

properties: bulky and basic phosphines such &r;Por
phosphines displaying a smaller cone angle such ag BPh
Ppyk, the latter one being a strongacceptor® The study of
the reactivity of2—6 toward small molecules such as ldr
CO demonstrated th8tand, to a lesser extedthad the greatest
stability.

When3 or 4 are treated with 1 equiv of BRthe bis(silane)
ligand remains bound to the ruthenium via teroSi—H bonds
and substitution of one P@ys achieved. The new complexes
[RuHA (17%-HSiMe2)2(CsHa)} (PCys)(PRe)] (with R = Ph @Ph),
and R=pyl (3pyl) and [Rub{(7*HSiMe,)2(CHy)2} (PCys)-
(PRy)] (with R = Ph @Ph), and R=pyl (4pyl) have been
isolated in good yields (8685%) and fully characterized. In

(33) (&) Moloy, K. G.; Petersen, J. lJ. Am. Chem. Sod995 117,
7696. (b)Rodriguez, V.; Donnadieu, B.; Sabo-Etienne, S.; Chaudret, B.
Organometallics1998 17, 3809.

Scheme 6.Reactivity of2—6 with PPk and Ppyi
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the case of4Ph, an X-ray determination was obtained (see

Tables 2 and 3). The spectroscopic data are reported in Tables

9 and 10. All of the complexes present simil#P NMR
spectra: an AB or AX pattern with a smaip value (23 to 30
Hz) in agreement with a cis arrangement of the two different
phosphines. ThéH NMR spectra in the hydride region show a
pseudotriplet nead —7.5 for the twon?-bound Si-H protons
and a doublet of doublets for each hydride or a pseudotriplet in
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Table 9. SelectedH NMR Data for the Mixed Phosphine Complexes [R{fh>-HSiMe,).X} (PCy) (PRs)], 3R—6R

Si-Me Si—H? Ru—He
X R ComplexeS 6Me 6SiH Jup (HZ) 6RU‘| N (HZ) 6RuH N (HZ)
CgHas Ph 3Ph 0.79 122 —-7.21 14 —10.47 44.1 28.2 -10.91 21.9 52.7
CoHa pyl 3pyl 078  1.09 —7.30 10 -9.79 17.0 936 -10.27 383 2938
(CHp)2 Ph 4Ph 0.54 0.97 -—7.68 14 —11.10 45.2 30.5 -—11.47 24.2 53.6
(CH2)» pyl apyl 052 082 -7.87 15 -10.27 20.0 934 -—11.01 382 304
(CHp)s Ph 5Ph 0.36 0.78 —8.07 13 —10.70 42.3 23.1 -1131 18.2 55.6
0Si(Me)O Ph 6Ph 0.56 0.99 -8.70 14 —9.68 43.8 246 —10.31 18.2 54.6

aCgDs, 288 K, 400 MHz.P Pseudotriplet¢ Doublet of doublet.

Table 10. Selectecf’P and?*Si NMR and IR Data for the Mixed Complexes [Re{ly-HSiMey)X} (PCys) (PRy)], 3R—6R

3P NMRe® 255i NMR?© IR
X R complexes Opcy, OpR, Jrp Osi Jsin Jsip VRuH VRUHSI

CeH4 Ph 3Ph 53.3 54.8 23 6.59 64 8.2 1973 1948 1787
CeHa pyl 3pyl 537 1287 28 5.65 66 78 1974 1953 1805
(CHy): Ph 4Ph 53.7 55.2 28 147 64 77 2008 1989 1768
(CH2)2 pyl 4pyl 53.6 128.5 30 14.0 63 7.2 1990 (br) 1770
(CH2)s Ph 5Ph 52.8 540 20

0Si(Me)O Ph 6Ph 50.8 52.7 20

2 CgDs. 288 K.?161.99 MHz.© 79.5 MHz.9 Nujol (cm™).
Table 11. Selected NMR Data for [Ruil(7?>-HSiMe&,).X} (PRs)2], 3Rz, 4R

1H NMR2® 1P MRS 295 NMRa-

X R complexes Osive OsiH ORwH Op Osi Jsip (HZ) Jsin (Hz)
CeHa Ph 3Ph, 0.93 —7.10 —10.46 51.9 8.12 8.2 63
CoHa pyl 3pyl 0.96 ~6.47 —8.83 131.3 8.80 7.6 61
(CHp)2 Ph 4Ph, 0.0 —7.60 —10.92 54.8 16.4 7.7 64
(CHp)2 pyl 4pyl, 0.42 7.8 —9.4 125.9

3 CgDs, 288 K.P 400 MHz.¢161.99 MHz.979.5 MHz.¢ CD,Cl,. f 253 K. 9 Broad.

the case o8pyl and4pyl. The three signals integrate in a 2:1:1 NMR spectra (PCy> PPhk > Ppyk). However, thelsi—y values
ratio. As an example, in the case 8pyl, the three signals  are too close to allow any comment.

simplify to three doublets upon selective decoupling of each  Treatment oRa,b with 1 equiv of PCy gave the dihydride-
phosphine. The pseudotriplet@t-7.30 is assigned to the two  (dihydrogen) complex RuifH,)(PCy)z after 3 days, and
n?-bound Si-H protons withJu—pEcysy= 9 Hz anddu—p(ppyis) elimination of the corresponding disiloxane. RyH,)(PCys)3

= 11 Hz. The signal at —9.79 is attributed to the hydride  was characterized by1 and3'P NMR spectra. It has previously
trans to Ppyj (the largeJq—p value is in agreement with the  been synthesized by addition of 3 equiv of R&y Ru(COD)-
strongsr-acceptor properties of the Pgyland the signal ab (COT) under H pressuré? A similar reaction also occurred in
—10.27 to the hydride trans to P€yrhe methyls bound to the  the case of Ppyl Addition of 1 equiv of Ppyto a GDs solution
silicons are now inequivalent, due to the presence of the two Of 2a,b was shown byH and®P NMR to give rise to a mixture
different phosphines. TH&Si NMR and IR data are very similar ~ 0f compounds, including the corresponding disiloxanes and a
to the analogue8 and4 as can be seen from Table 10. The New compound stabilized by three phosphines RHb)(Ppyk)-
X-ray structure o#tPhwas determined at 180 K (see Tables 2 (PC¥s)2 (9). This complex could be directly synthesized and
and 3). It is very similar to the analogous compodndiith the isolated by addition of 1 equiv of Ppyto 1. It is in particular
two PCys. The substitution by PRlinduces a reduction of only characterized by'P NMR: a triplet atd 119.9 is observed for
3° for the P-Ru—P angle, despite a much smaller Tolman angle the resonance of the .P@yand a douplet ab 62.7 for the
for PPh (145> compared to 170for PCys). To confirm the resonance of the PGwith a Jo_p coupling constant of 13 Hz
weak steric effect induced by the phosphines, we have synthe-gwl'cat've of tW.O egt;vallent P(Cjééhg(;ar;ds cisto tlhet.Ppyl;I;/h(te)n
sized the analogous complex [Riflt;2-HSiMey)2(CHo)z}- or more equiv of Ppylare added to a ¢l solution of2ab,

; . ‘ N elimination of the disiloxane was again observed, and the new
ﬁeﬁ’?)@(jgr:‘? twghsirﬁgzt'r'ggg‘;s;st fcoar”t:ee ;’;’rt]f‘r"gi‘é'gg'gh dihydride RuH(Ppyk)s (10) was detected. This complex could

. : o . be isolated as a white solid by addition of 4 equiv of Ryl
addition of 1 equiv of the disilane to Ru(COD)(COT) in the Ru(COD)(COT) under dihydrogen pressure. It was fully char-

presence of 2 equiv of the desired phosphine under H ,cierized by NMR (a multiplet at —8.6 for the two hydrides
atmosphere. We could thus isolate in good yields the complexes 4 wwo broad signals at119.1 and 117.6 for the four Pgy!

[RUHA (7%-HSiMe;)2X} (PRy)z] (X = CeHa, R=Ph @PhJ and  Tphjs complex was also obtained by addition of an excess of
R = pyl (3pyl2); X = (CHy)2 R = Ph,4Ph2 R = pyl, 4pyl2) Ppyk to 3 or 4.

(see Table 11 for spectroscopic datdph2was characterized Addition of PPh or Ppyk to 5 or 6 resulted in behavior
by an X-ray determination at 150 K (see Tables 2 and 3) which jiermediate between that dfand those 08—4. Thus addition
corroborates the absence of any influence of the nature of theys 1 equiv of PPhto 5—6 leads to the formation of the mixed

phosphine ligands on the structure of the compounds. The compounds [Rub{ (%HSiMey),X} (PCys)(PPh)] 5Phand6Ph
variation of the basicity of the phosphines is better illustrated

by the highfield shift of the classical hydride signals in thi (34) Chaudret, B.; Poilblanc, Forganometallics1985 4, 1722.
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respectively, as observed in the cas8#6#. However, addition the ITH NMR spectra and of the Si signals in tR&i NMR
of 1 equiv of Ppyi gives a mixture of compounds among which spectra. This effect is stronger for the classical hydrides trans
[RuHA{ (7?-HSiMe&,).X} (PCys)(Ppyk)] (5pyl) or 6pyl were to the more basic phosphine (PCy PPy > Ppyk). However,

characterized by analogy of their NMR data3pyl and4py! little effect is observed on thdsi—y values, which measure the

together with Rub(H2)(Ppyk)(PCy). (9) already described  activation of the Si-H bond.

during the reaction ofa with Ppyk. The NMR data of5Ph, The most stable isomer 08, which according to the

6Ph, 5pyl, and6pyl are reported in Tables 9 and 10. theoretical studies is isomer A, lies about 45 kJ/mol lower in
energy than isomer C which contains trans phosphines. Attention

Discussion has already been drawn to the relatively close approach of the

) ) . “classical” hydrides H1 and H2 to the silicon atoms; the
In this paper we describe several examples of a new family ¢4\ jated distances of around 2.25 A (Table 4) are substantially
of complexes stabilized by the coordination of a disilane ligand |ass than the sum of the van der Waals radii. There does not
via two o Si—H bonds. Both the bridge between the two silicons - 55n64r to be any geometrical constraint which has imposed these
and the phosphine ligands were modified, to evaluate their qjose contacts, as they are rather constant in the series containing
influences on the structural properties and on the stability and 5,a o three. or four CHunits linking the two Si atoms
reactivity. The first aspect of these molecules that needs (rapie 4), despite the substantial differences in size of the four

comment is the coordination geometry at the Ru center. In both y;jenate figands. The natural interpretation is that these close
the X-ray Determinations and Theoretical Calculations above ...s; contacts are a stabilizing feature of the overall structure.

(B and C, respectively), we have described a pseudo-octahedraknnort for this interpretation is provided by the Mulliken

arrangement about Ru, where teSi—H bond is considered 45 jation analysis, which shows small but certainly nonneg-

as a single ligand, and the two phosphines adopt an unusual Cisjgip|e positive overlap populations between H1 and Sil of 0.027
arrangement. The essential structural features revealed by X-ray

. ; . - ) in 3. To place this figure in context, the SiHb1 overlap
diffraction are identical to those found by calculation (see Table . jation in3is 0.15, while in the free ligand it is 0.39. Similar
4), both qualitatively and quantitatively, with differences

) X interactions are present in the M&{H(SiR3) complexes studied
between experimental and theoretical values of only a few very recently by Fan and Lin (M is Nb or Ta, and X is $iR
hundredths of an A for bonded distances or tenths of a degreeec| ‘H or CHy);35 these authors report hydridéi nonbondéd

for angles; we exclude thefRu—P angle here, as the BH  jistances of around 2.2 A. It is clear from the data in Table 5
ligands are less sterically demanding than B@und note that  y5; this stabilizing interaction is absent in isomers B and C,
the location of H atoms by X-ray diffraction is subject 10 gjnce the closest #+Si distances in those cases are greater than
relatively large uncertainties. 3 A. The X-ray data obtained for the five compourild, 4Ph,

In RuHx(H2)2(PCys)2 (1), the two phosphines are trans, a 4ph2 and6 show nonbonding Si-H distances from 2.04 to
feature which has been interpreted as a consequence of theip 43 A for the extreme values, with at least twe-Si distances
steric bulk. Unfortunately the X-ray data we have obtained to around 2.15 A for each compound. Theoretical calculations at
date forl, while showing a trans position for the phosphines, the Hartree-Fock level on Rely(SiRs)(PPh) and ReH(CO)-
do not enable us to locate the hydrogen atoms, even at low(siph,)(PMe,Ph) have previously shown that interactions

temperature. During the course of our studies on the reactivity hetween Si and H are still present, even if they are separated
of 1, some of us have already reported X-ray data concerning py 2.1 to 2.3 A6

ruthenium complexes accommodating two trans £Oy- These short nonbonding-SiH distances are presumably of
ands!*¢15The highest distortion from a trans configuration is it importance in the exchange process observed by NMR
observed for the complex [Ruf{x*-HSiMe(CH=CHMe)} - which involves the hydrides and thg%Si—H) hydrogens. A
(PCys)2] published very recently? In this case, the PRu—P rather easy exchange process needs to operate since (i) we have

angle is reduced to 145.30t6pnd theJp—p coupling constant  gpown that addition of the deuterated disilane DSi(@é1)s-

of 206 Hz, measured b¥P NMR, is still in agreement with 2 gjpe,D to 1 results in 50% deuterium incorporation in each
trans configuration. To evaluate the steric influence of the hydride resonances &fd and (i) the!H NMR spectra oR—6
phosphine substituents, we have chosen to prepare compoundgye temperature dependent. Examination of the literature shows
in which one or two PCycould be substituted by one or two tht fast exchange at room temperature is observed in com-
trlphenylphosphlnes._ These two phosphines present very dif- pounds bearing these two types of hydridesMand M-
ferent cone angles, i.e., 17@r PCy; and 143 for PPh. It Si—H)) and the exchange is characterized by barriers in the
was possible to isolate and characterize by X-ray analysis, therange 35-50 kJ/mol4-2637The two dinuclear complexes Cp*
series [RukK (7*-HSiMez)>(CHy)2} (PRs)(PR3)] R=R'=Cy, 4, Rup(SIPRCH=CHy)(u-7*-HSiPh)(u-H)(H) and Cp%Rup(u-1*
R=Cy, R=Ph,4Ph, R=R'=Ph,4Ph2 They all present similar  Hgjigy,)(u-;2-HSiHPh)E-H)(H) were previously reported as
structures, and it is striking that the-Ru—P angle varies SO ponfiuxional at room temperatu?é:38in our case, fast exchange

little with the nature of the phosphine, with the X-ray values 4t room temperature is only observed Rzb with AG* close
lying in a narrow range between 104compound4Ph2) and to the higher limit, i.e., 47.5 and 51 kJ/mol, respectively. This

108" (compoundd). The computed angles are within this range - fjyjonality is markedly reduced in the case 86, as two

if the phosphine contains alkyl substituents even as small asjiterent signals are observed at room temperature for the
methyl. We deduce that steric factors have little direct influence hydrides and then@-Si—H) hydrogens: fast exchange is now
on the P-Ru—P angle and that the origin of the unusual pserved at much higher temperature (376-Krc > 333 K)
coordination geometry must be found elsewhere. By using the \yith much higherAG* values (between 62.5 and 68.4 kJ/mol).

tripyrrolylphosphine Pp.ygl a phosphine which has the Same CON€ The main route commonly invoked in the literature to explain
angle as PPhbut which is a strongr-accepto® similar
compounds3pyl, 3pyl2, 4pyl, 4pyl2) were obtained as deduced (35) Fan, M. F.; Lin, Z.Organometallics1998 17, 1092.
by their spectroscopic properties. The main differences are (38) Lin. Z./Hall, M. B. Inorg. Chem.1991, 30, 2569. .

. . (37) Fryzuk, M. D.; Rosenberg, L.; Rettig, S.Qrganometallics1996
demonstrated by NMR data. An increase of the electron density 132571,

on the metal induces a highfield shift for the hydride signals in  (38) Takao, T.; Suzuki, H.; Tanaka, Mrganometallics.994 13, 2554.
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the exchange between-MH and M—(»2-Si—H) goes through nonbonding Sk-H interactions which are present B—6,
the breaking of a StH bond, resulting in oxidative addition  highlighting the role of such interactions in the reactivityoof
and then intramolecular rearrangement via for example dihy- complexes.
drogen specie¥?230.26:37¢ js noteworthy that in our systems This trend of reactivity is supported by calculated binding
the fragment Rub{PCys), can stabilize eithen-Si—H) or (> energies for the bidentate silane ligand to the R@Hh);
H—H) species, but we were not able to detect any dihydrogen fragment (Table 8). We note that the binding energyE)
intermediates. More studies are needed to understand in detaitalculated for twozn?-H, ligands with the same theoretical
the mechanism of the exchange process operating in ourprocedure is 149 kJ/mol, showing that the-8i bond in the
systems, and new NMR experiments and theoretical calculationsmost stable complexes is bound more strongly than molecular
are planned. This should enable us in particular to discriminate hydrogen, consistent with the method of preparation of the bis-
between phosphine or SH decoordination; however, in any  (silane) complexes by displacement of moleculafreim Ruk-
event the short nonbonding-SH distances play an important  (H,),(PRs)2 (section A).
role and five-coordinate silicon species could be involved at  For the four compounds studied here that contain an aliphatic
least as transition states. backbone, there is a striking variation in binding energy with
Vibrational spectroscopy is a powerful tool for the charac- the length of the (Ch), chain, the compound with = 2 being
terization of silane complexes containing<Si—H) bonds, as notably more (thermodynamically) stable than the others.
these species display intense bands in the range-16%00 Binding energies for compounds containing an unsaturated
cm 1 that are shifted to substantially lower frequencies than in (CH), backbone are higher than for the aliphatic systems. We
the free ligands. The calculated vibrational frequencies are in believe these differences to be consequences of the geometrical
quite satisfactory agreement with the experimental values (Tablereorganization (or relaxation) imposed upon the bis(silane)
7), being within some 50 cm, or 2.5%, in all cases. In previous  ligand by complexation. To test this hypothesis, we calculated
work, some authors have assigned these vibrations as essentialljhe energy differences between a free ligand in its optimized
Si—Hb stretching modes and used the change in frequency fromgeometry and one in which the skeletal geometrical parameters
the isolated ligand value as an indication of the extent of are fixed at the values found in the complex. The following
activation (extension) of theyt-Si—H) bonds>922-243However, results were obtained (kJ/mol); 2 for X iy, 8 for (CHy), 9
analysis of the vibrational motions predicted by the B3LYP for OSiH,O, 11 for (CH),, 19 for (CH), 27 for O, 34 for
calculations implies that the motion is better described as-a Ru  (CH,)4, and 35 for (CH)s. The corrected or intrinsic binding
Hb stretching. There is extensive mixing of several different energies implied for the complexes with=X(CHy),, n= 2, 3,
vibrational motions, and no mode corresponds closely to a or 4, are thus rather constant, at 180, 175, or 167 kJ/mol,
stretch of the SitHb bond. We note that localized orbital plots  respectively (we have neglected here any differences in the
show the presence of an almost classicati$h—Ru three- geometry of the ruthenium-containing fragment). The high
center two-electron bond. Moreover, the Rdbl distance, thermodynamic stability of (n = 2) arises because the (gk
calculated to be 1.681 A i3, is only 3% greater than the bridging group produces a ligand that in a geometrical sense is
classical Re-H bond length, whereas the-Sib distance of relatively well-prepared for binding to Ru; whilezBi(CH,)2-
1.848 A is some 24% greater than the noncomplexedHSi  SiH; has a planar@y,) skeleton as a free molecule, the-Si
bond lengths. These geometrical considerations imply that the C—C—Si dihedral angle in comple# is 45°, not far from a
“bridging” Hb atom is more strongly linked to Ru than to Si, gauche conformation, so that the energy penalty for ligand
and thus it is reasonable for the highest-frequency mode of this preparation is small. However, that penalty is largerS¢x =
unit to involve primarily a Ru-Hb stretching motion. It is (CHy)3), for which the Si-C—C—C dihedral angle of 3%is
satisfying to note that the RtHb stretching frequencies for  appreciably further from a gauche conformation.
the series containing an aliphatic backbone linking the two  The relatively low thermodynamic stabilities a@] sym-
silicon atoms increase steadily with the length of that backbone metries for the two complexes containing a single atom as the
(Table 7), while the RtrHb distances in these compounds pridging group, X= CH, or O, may also be understood from
decrease steadily (Table 4). similar considerations. Such small bridges do not allow the SiH
We have presented here simple reactivity studie268, groups to attain optimal positions for formation of twg{Si—
and the results can be correlated with the structural propertiesH) bonds, and the best energetic compromise is found by
of the compounds2a,b are by far the least stable compounds, lowering the symmetry, and the result is that one SiH group is
and the corresponding disiloxane is readily eliminated by only weakly coordinated as ap%Si—H) bond (note the Ru
reaction with small molecules such as ldr CO or with Hb distances of 1.663 and 1.807 A for=X CH, (Table 4), or
phosphines. In contrast, the disilane ligand is less reacti@e in  1.658 and 1.805 A for X= O (Table 6), compared to the two
probably as the result of the steric hindrance resulting from the equal Ru-Hb distances of 1.683 A where X is (G}
ring between the two silicons: this is specially highlighted by
the absence of reactivity @@ with CO. The chelate effect,  Conclusion
already pointed out by Schubéftjs maximized when two
groups bridge the two silicons as 3nand4, resulting formally
in five-membered ring compounds. Thdsexhibits a behavior
similar to that of3, whereass and6 are intermediate between
2 and 3—4. It should be noted tha2ab are nonsymmetrical
complexes from theoretical calculations Bt6 are symmetrical
from spectroscopic, X-ray, and theoretical data. Surprisingly,

2a,b which show the lowesls;_y values are the most reactive interactions, as shown by X-ray diffrgction and theoretical
and display the lowest barrier to activation for the hydride calculations. The chelate effect contributes to the observed

exchange process. This may result from the additional weak StaPility of the compounds, independent of the nature of the
phosphine ligands. The Ri{>-H—Si) bond can be described
(39) Schubert, U.; Gilges, HOrganometallics1996 15, 2373. by several criteria among which the valuesJgf-vp, VrRu-Hbs

The major advance reported in this article is the isolation of
mononuclear bis(silane) complexes stabilized by twSi—H
bonds thanks to the utilization of potentially chelating disilanes.
It is noteworthy that full oxidative addition of the disilane was
never observed in any of the reactions we have described here.
Enhanced stabilization derives from nonbonding $i---H
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the distances 4l and Gy-si, and the angles RtHb-Si are Recrystallization from a benzene/pentane mixture gave analytically pure
the most representative of the activation of th&Kl—Si) bonds. white microcrystals in 94% yield. Anal. Calcd for ReglzeP>Sk: C,
However, in the series of the bis(silane) complexes we have 64.37; H, 10.10. Found: C, 64.43; H, 10.48.
reported here, no linear correlation can be drawn between these [RUHA(#*HSiMe;)o(CH2);} (PCys)7] (4): Using () (110 mg, 0.17
various parameters. Thus, a correlation of the degree of MMmoD and 2,5-dimethyl-2,5-disilahexane (4D, 0.20 mmol). Recrys-
activation of the Si-H bond with the structural properties and ~ 2/zation fsr.o,rncetg;rz Eftfzoo C(') Yield, d.S%/"ézAna." Caéchfor
the reactivity of the different compounds is more difficult than RUCkHaqP o O > H, 10.70. Found: G, 62.14; H, 10.88.
in the series of the manganese complexes CpMn(C3)L( [RUHZ (i*HSiMe2)(CHz)a} (PCya)a] (5): Using (1) (180 mg, 0.27

. - o mmol) and 2,6-dimethyl-2,6-disilaheptane (%d2 0.81 mmol). (Yield
HSIR;). The main difference among our series is DetWBe®  7504) Anal. Caled for RugHssP:S: C, 62.65; H, 10.76. Found: C,
and4—6. 3 is by far the most stable as a result of the steric g2 64: H, 10.90.
hindrance due to the ring between the two silicons: it is  [RuH £ (y2-HSiMe,)(OSi(Me;)O)} (PCys)2] (6): Using (1) (300 mg,
remarkable that no reaction was observed under CO pressureg.45 mmol) and 1,1,3,3,5,5-hexamethyltrisiloxane (2480.58 mmol).
In contrast2a,b show the lowestlsi—y values, are the most  Recrystallization from ether at 28C. Yield, 75%. Anal. Calcd for
reactive, and display the lowest barrier to activation for the RuGCi:HgsO:P:Sis: C, 57.82; H, 10.17. Found: C, 57.94; H, 10.27.
hydride exchange process. Theoretical calculations show that Synthesis of [Rub{ (17%-HSiMe,).X} (PCys)(PRs). (3Ph, 3pyl, 4Ph,
the disiloxane isomer analogous 2ohas no symmetry (two 4pyl). All of these complexes were synthesized by following the same
Si*H weak interactions), where&-6 have symmetric (or ~ Procedure described for [Ruf{r*-HSiMe;);(CeHa)} (PCys)(PPR)]
almost symmetric) geometries (four-8H weak interactions). ~ (3P). A pentane solution (5 mL) of triphenylphosphine (37 mg, 0.14
This geometrical contrast could be connected to the difference MMO!) was added to a suspension of [R{}*HSiMe,);(CeHa)} -
observed during the reactivity studies. We are presently (PCy)2] (3) (90 mg, 0.11 mmol) in pentane (10 mL). The mixture was

. L A . . stirred for 24 h at room temperature. A white precipitate was then
investigating in more detail this hypothesis, but there is no doubt .| ccted by filtration, washed twice with pentane (3 mL), and dried

that the weak nonbonding SiH interactions play an important  ,nder vacuum. Yield, 80%. Anal. Calcd for Ri8eP,Si: C, 65.76:
role both on the stability and on the reactivity of these H, 8.16. Found: C, 65.24; H, 9.01.

o-complexes. The catalytic properties of these complexes will  [RuH of (y2-HSiMe2)(CeH4)} (PCys)(Ppyls)] (3pyl): Using @) (150

be reported in due course. mg, 0.17 mmol) and tripyrrolylphosphine (48 mg, 0.21 mmol). Yield,
70%. Anal. Calcd for RugHgsNsP.Si: C, 59.52; H, 8.12; N, 5.21.
Experimental Section Found: C, 58.74; H, 8.44; N, 5.02.

[RuH A (7?-HSiMe;)2(CH,)2} (PCys)(PPhg)] (4Ph): Using @) (110

All reactions and workup procedures were performed under argon mg: 0.14 mmol) and triphenylphosphine (58 mg, 0.22 mmol). Yield,

using conventional vacuum line and Schlenck tube techniques. All = - . .
solvents were freshly distilled from standard drying agents and 86%. Anal. Calcd for RugHesP;Sk: C, 63.68; H, 8.65. Found: C,

thoroughly degassed under argon before use. Microanalysis were63'42; H, 8'50' . A
performed by the Laboratoire de Chimie de Coordination Microana-  [RUH2{ (#*-HSiMe2)A(CHz)z} (PCys)(Ppyls)] (4pyl): Using @) (100

lytical Service. Infrared spectra were obtained as Nujol mulls on a m%, 0.12 rlnmoll) anfd tripyrrolylphosphine (26 mg’ 0.12 m.mol). Yield,
Perkin-Elmer 1725 FT-IR spectrometer. NMR spectra were acquired /270 Anal. Calcd for Ru€HssNaPoSi: C, 56.96; H, 8.63; N, 5.54.

on Bruker AC 200, AM 250, or AMX 400 spectrometers. Rgt@H,0 Found: C, 56.29; H, 8'321; N, 5.19.
was purchased from Johnson Matthey Ltd. The following chemicals  Synthesis of [Rub{ (>-HSiMe:).X} (PRs)z]. (3Phz, 3pyl, 4Pty
were prepared according to published procedures: FRib(PCy).] 4pyly). All of these complexes were synthesized by following the same

(1),13¢ (PhSiH):0 (Me;SiH)(CHy)#*L. The deuterated compound ~ Procedure described for [Ru{-(;yZ-HSiMez)_z(CeH4)}(PPh;)z_] (3Phy).
(Me;SiD),(CH,)s was made according to the same method as fop(Me ~RU(COD)(COT) (100 mg; 0.32 mmol), triphenylphosphine (138 mg,
SiH)(CHy)3,*! but using LiAID, instead of LiAlH. The other silicon 0.53 mmol), and 1,2-bis-dimethylsilylbenzene (140, 0.46 mmol)
products were purchased from Aldrich or ABCR and degassed before Were introduced into a FischePorter bottle, and dichloromethane (10
use. mL) was added. The bottle was pressurized to 3 bar of dihydrogen.
Synthesis of [RuH{ (7%-HSiR2).0} (PCys)z] (2a,b). (Me;SiH)0 (65 The solution was stirre:d f@® h atroom temperature an_d then e_vaporated
uL, 0.37 mmol) was added at room temperature to a suspensitn of to dryness. The resldue was washed s_everal times with pentane,
(122 mg, 0.18 mmol) in pentane (8 mL). Gas evolution was observed affording a white solid which was then dried under vacuum. Yield,
immediately. Vigorous stirring was maintained for 2 min during which 86%-: Anal. Caled for RugHsoP-Si;: C, 63.68; H, 8.65. Found: C,
time the mixture turned orange with formation of a white precipitate. 63.42; H, 8.80.
The solid was collected by filtration, washed twice with pentane (2 [RuH2{(7*HSiMe2)2(CeHa4)} (Ppyls)2] (3pyl2): Using Ru(COD)-
mL) at 0°C, and dried under argon and finally under vacuum.Yield, (COT) (100 mg; 0.32 mmol), tripyrrolylphosphine (142 mg, 0.62 mmol)
72%. Anal. Calcd for RugHs,OP.Si;: C, 60.12: H, 10.35. Found: and 1,2-bis-dimethylsilylbenzene (#Q, 0.32 mmol). Yield, 70%. Anal.
C, 59.90; H, 10.38. The same procedure was use@ifdut with (Ph- Calcd for RuGHaNgPSi: C, 54.02; H, 5.87; N, 11.12. Found: C,
SiH);0 (140 mg, 0.37 mmol) andl (122 mg, 0.18 mmol). Recrystal- ~ 95.03; H, 5.56; N, 11.70.
lization from a toluene/pentane mixture gave analytically pure white  [RuH2{ (72-HSiMe2)2(CH2)2} (PPhs)s] (4Phy): Using Ru(COD)-
crystals of2b in 75% yield. Anal. Calcd for RugHgOP:Si,: C, 68.86; (COT) (104 mg, 0.33 mmol), triphenylphosphine (169 mg, 0.64 mmol)
H, 8.67. Found: C, 68.65; H, 8.76. and 2,5-dimethyl-2,5-disilahexane (9@, 0.46 mmol). Yield, 82%.
Synthesis of [RuHy{ (n2-HSiMe,).X} (PCys),] (3—6). All of these Anal. Calcd for RuGHsoP:Si: C, 65.17; H, 6.51. Found: C, 64.54;
complexes were synthesized by following the same procedure describedH, 6.57.
in detail for [Rub{ (7?-HSiMey)2(CeHa)} (PCy)2] (3). (MezSiH)2(CsHa) [RuH o (7?-HSiMe,)2(CHo)2} (Ppyls)2] (4pyls): Using Ru(COD)-
(65uL, 0.30 mmol) was added at room temperature to a suspension of (COT) (98 mg, 0.31 mmol), tripyrrolylphosphine (134 mg, 0.59 mmol)
1(188 mg, 0.28 mmol) in pentane (8 mL). Gas evolution was observed and 2,5-dimethyl-2,5-disilahexane (8Q; 0.41 mmol). Yield, 71%.
immediately. The stirring was maintained for 15 min during which time Anal. Calcd for RuGoHssNeP.Six: C, 51.40; H, 5.42; N, 11.98.
a white solid precipitated. The solid was collected by filtration, washed Found: C, 51.00; H, 5.45; N, 11.84.
twice with pentane (3 mL) at C°C, and dried under vacuum. Synthesis of [RuH('BUNC)(PCys);] (8). 'BUNC (50 uL, 0.45
20) St 5 A7 C oumbia G E-Grumbine S D H mmol) was added at room temperature to a suspensian(tH0 mg,
o () Sl A Zhang, o Qb . Gunbing, S D-J1eW™ 023 mmo) i pentane (8 mL). Gas evoluton was observed im-
199Q 112 2673. mediately. The resulting orange solution was concentrated to 4 mL
(41) Bourg, S.; Boury, B.; Cafré. H.; Corriu, R. J. POrganometallics leading to the formation of a white precipitate. The solid was collected
1997 16, 3097. by filtration and washed twice with pentane (3 mL) and dried under
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vacuum. Yield, 92%. Anal. Calcd for RuHssN-P.: C, 66.55; H,
10.44; N, 3.37. Found: C, 66.26; H, 10.85; N, 3.31.

Synthesis of [RuH:(H2)(PCys)2(Ppyls)] (9). A pentane solution (4
mL) of tripyrrolylphosphine (69 mg, 0.30 mmol) was added at room
temperature to a suspension1{210 mg, 0.31 mmol) in pentane (8
mL). The resulting orange mixture was stirred for 15 min leading to
the formation of a white precipitate. The solid was collected by filtration,
washed twice with pentane (3 mL), and dried under vacuum. Yield,
71%. Anal. Calcd for RugHgNsPs: C, 64.41; H, 9.23; N, 4.69.
Found: C, 63.95; H, 8.92; N, 4.64.

Synthesis of [Rub(Ppyls)4] (10): Same procedure as faibut using
Ru(COD)(COT) (100 mg, 0.32 mmol) and tripyrrolylphosphine (330
mg, 1.44 mmol). Recrystallization from G&l, at—20°C. Yield, 90%.
Anal. Calcd for RuGgHsoN12Ps: C, 56.55; H, 4.95; N, 16.49. Found:
C, 56.29; H, 5.31; N, 16.19.

X-ray Structure Determination. For all compounds, data were

Delpech et al.

Computational Details

All calculations were performed with the Gaussian 94 suite of
programs'® For ruthenium, the core electrons were represented by the
relativistic small-core pseudopotential employed in our previous
calculations on Rub{H>)2(PHs)..23" The 16 electrons corresponding to
the 4s, 4p, 4d, and 5s atomic orbitals were described by a (8s, 6p, 6d)
primitive set of Gaussian functions flexibly contracted to [5s, 5p, 3d].
Standard pseudopotentials developed in ToulBusesre used to
describe the atomic cores of all other non-hydrogen atoms (Si, P, C,
and O). A doublez plus polarization valence basis set was employed
for each atom (d-type function exponents were 0.45, 0.45, 0.80, and
0.85, respectively). For hydrogen, a standard primitive (4s) basis
contracted to [2s] was used. A p-type polarization function, exponent
0.9, was added for the four hydrogen atoms directly bound to ruthenium
(H1, H2, Hb1, and Hb2). Pure spherical harmonic functions were used
throughout.

All stationary points of interest were located at the B3LYP level of

collected on a Stoe IPDS (imaging plate diffraction system) equipped
with an Oxford Cryosystems cooler device. The crystal-to-detector theory, a density functional theory (DFT) type of calculation based on
distance was 80 mm. Crystal decay was monitored by measuring 200hybrid functionals, which we have shown to perform well in our earlier
reflections per frame. The final unit cell parameters were obtained by computational study of.*3" Analytical first derivatives of the energy
least-squares refinement of 5000 reflections. Only statistical fluctuations were used to optimize geometrical parameters, and frequency calcula-
were observed in the intensity monitors over the course of the data tions were performed to determine whether the optimized geometries
collections. Numerical absorption corrections were applied for all were minima on the potential energy surface. Most of these calculations
complexes. were also performed with the B3PW91 functional which uses the
The five structures were solved by direct methods (SIFa2)d correlation functional of Perdew and Wang (P#/nstead of that due
refined by least-squares proceduresFag, H atoms were located on 0 L€e, Yang, and Parr (LYP}.The exchange functional due to Becke
difference Fourier syntheses, but those attached to carbon were(B) is adopted in both casés.
intr_oduced_ in caIct_JIation in idealized positions (d(CH).96 A), and Acknowledgment. This work is supported by the CNRS.
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weighting scheme used in the last refinement cycleswasw[1 —
{AF/60(Fo)}3? wherew'= 1/Z,"AT,(x) with three coefficients\ for
the Chebyshev polynomi#, T,(X) wherex was F/F(max)*® Models
reached convergence witR = X(||Fo] — |F¢/|)/Z(IFo|) and Ry =
[2w(|Fo| — |F¢|)¥=W(Fo)3Y2, having values listed in Table 3.

The calculations were carried out with the CRYSTALS package
programs’* The drawing of the molecule was realized with the help
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