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Abstract: A series of stable complexes, (PMe3)sRU(SiR3)2(H)2 ((SiR3)2 = (SiH2Ph),, 3a; (SiHPh,),, 3b; (SiMe,-
CH,CH,SiMe,), 3c), has been synthesized by the reaction of hydridosilanes with (PMes)sRu(SiMesz)Hs or
(PMes)sRu(SiMes)H. Compounds 3a and 3c adopt overall pentagonal bipyramidal geometries in solution
and the solid state, with phosphine and silyl ligands defining trigonal bipyramids and ruthenium hydrides
arranged in the equatorial plane. Compound 3a exhibits meridional phosphines, with both silyl ligands
equatorial, whereas the constraints of the chelate in 3c result in both axial and equatorial silyl environments
and facial phosphines. Although there is no evidence for agostic Si—H interactions in 3a and 3b, the
equatorial silyl group in 3c is in close contact with one hydride (1.81(4) A) and is moderately close to the
other hydride (2.15(3) A) in the solid state and solution (¥(Ru-++H-+-Si) = 1740 cm~* and »(RuH) = 1940
cm™1). The analogous bis(silyl) dihydride, (PMes)sRu(SiMes)2(H). (3d), is not stable at room temperature,
but can be generated in situ at low temperature from the 16e~ complex (PMes)sRu(SiMes)H (1) and HSiMes.
Complexes 3b and 3d have been characterized by multinuclear, variable temperature NMR and appear to
be isostructural with 3a. All four complexes exhibit dynamic NMR spectra, but the slow exchange limit
could not be observed for 3c. Treatment of 1 with HSiMe3 at room temperature leads to formation of (PMe3)s-
Ru(SiMe,CH.SiMes)Hs (4b) via a CH functionalization process critical to catalytic dehydrocoupling of HSiMe;
at higher temperatures. Closer inspection of this reaction between —110 and —10 °C by NMR reveals a
plethora of silyl hydride phosphine complexes formed by ligand redistribution prior to CH activation. Above
ca. 0 °C this mixture converts cleanly via silane dehydrogenation to the very stable tris(phosphine) trinydride
carbosilyl complex 4b. The structure of 4b was determined crystallographically and exhibits a tetrahedral
P3Si environment around the metal with the three hydrides adjacent to silicon and capping the P,Si faces.
Although strong Si---HRu interactions are not indicated in the structure or by IR, the HSi distances (2.00(4)
— 2.09(4) A) and average coupling constant (Jsiy = 25 Hz) suggest some degree of nonclassical SiH
bonding in the RuHsSi moiety. The least hindered complex, 3a, reacts with carbon monoxide principally
via an H; elimination pathway to yield mer-(PMes)3(CO)Ru(SiH2Ph),, with SiH elimination as a minor process.
However, only SiH elimination and formation of (PMe3)3;(CO)Ru(SiR3)H is observed for 3b—d. The most
hindered bis(silyl) complex, 3d, is extremely labile and even in the absence of CO undergoes SiH reductive
elimination to generate the 16e~ species 1 (AHsip—eim = 11.0 & 0.6 kcal-mol~* and ASsiy—eim = 40 + 2
cal'mol KL AH%,, oim = 9.2 & 0.8 kcal'mol™ and ASky,_im = 9 £ 3 cal*mol~1-K~%). The minimum
barrier for the H, reductive elimination can be estimated, and is higher than that for silane elimination at
temperatures above ca. —50 °C. The thermodynamic preferences for oxidative additions to 1 are dominated
by entropy contributions and steric effects. Addition of H; is by far most favorable, whereas the relative
aptitudes for intramolecular silyl CH activation and intermolecular SiH addition are strongly dependent on
temperature (AHsin-ass = —11.0 £ 0.6 kcal-mol~! and ASsii-ads = —40 + 2 cal'mol *K™; AHs ch-add =
—2.7 £ 0.3 kcal'mol~t and AS-ch-add = —6 + 1 cal-mol~1-K™1). Kinetic preferences for oxidative additions
to 1 — intermolecular SiH and intramolecular CH — have been also quantified: AHg,_ .y = —1.8 & 0.8
kcal-mol~t and ASY;,_.4q = —31 = 3 cal-mol-K; AH;_CH_add = 16.4 + 0.6 kcal-mol~* and AS’;_CH_add =
—13 + 6 cal-mol~1-K~2. The relative enthalpies of activation are interpreted in terms of strong SiH o-complex
formation — and much weaker CH coordination — in the transition state for oxidative addition.

Introduction unusual example of catalytic functionalization of aliphatie i€
bonds! In a recent report, we described direct observation of
The dehydrogenative coupling of alkylsilanes to carbosilanes
in the presence of ruthenium and rhodium complexes is an (1) Procopio, L. J.; Berry, D. HJ. Am. Chem. Sod.991 113 4039-4040.
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B-hydrogen elimination from a silyl ligand in (PMgRu(H)-
(SiMes) (2) to form silene complex (PMgRuU(CH=SiMe,)-

(H)2 (2), a process that closely models the keylactivation
step in the catalytic systehf and provides further evidence in
support of the proposed catalytic cycle (Scheme 1). However,
fS-hydrogen elimination irl cannot lead to formation of a new
Si—C bond; rather, productive-€H activation must occur from

a 16€ bis(silyl), (PMe)sRu(SiMes),. This species could in turn
be generated by Hoss from a bis(silyl) dihydride, (PMgs-
Ru(SiMe&)2(H).. In principle, interchange of hydride and silyl

ligands at a metal center requires only a series of reductive

elimination and oxidative addition steps (e.ga &limination
and H-SiR; addition.) Thus, formation of a bis(silyl) dihydride
such as (PMgsRu(SiMe)z(H), from (PMe)sRu(SiMe;)H3 or
(PMe&s)4Ru(SiMe)H should be straightforward. However, nei-
ther (PMe)sRu(SiMey)2(H)2 nor any other bis(silyl) had been
observed previously in the (PMgRu system. Bis(silyl) dihy-
drides are certainly known for other metals and coordination

environments and are generally quite stable. There is a plethora

of stable piane-stool complexes, LM(Sig.(H). (e.g., L= r*-
pentamethylcyclopentadienyj®-arene, M= Fe, Co, Ru, Rh,

Ir, Cr), some of which exhibit classical hydride and silyl
ligand€~1° and others that can be considered nonclasi€al.
Stable bis(silyl) dihydride complexes are also common with

(2) Procopio, L. J.; Mayer, B.; P#sl, K.; Berry, D. H.Polym. Prepr. Am.
Chem. Soc., Di Polym. Chem1992 33, 1241-1242.
(3) Djurovich, P. I.; Dolich, A. R.; Berry, D. HJ. Chem. Soc., Chem. Commun.
1994 1897-1898.
(4) Ezbiansky, K.; Djurovich, P. I.; LaForest, M.; Sinning, D. J.; Zayes, R.;
Berry, D. H. Organometallics1998 17, 1455-1457.
(5) Dioumaev, V. K.; Plssl, K.; Carroll, P. J.; Berry, D. HJ. Am. Chem.
Soc.1999 121, 8391-8392.
(6) Dioumaeyv, V. K.; Ploessl, K.; Carroll, P. J.; Berry, D. Brganometallics
200Q 19, 3374-3378.
(7) Fernandez, M. J.; Maitlis, P. MDrganometallics1983 2, 164—165.
(8) Ruiz, J.; Bentz, P. O.; Mann, B. E.; Spencer, C. M.; Taylor, B. F.; Maitlis,
P. M. J. Chem. Soc., Dalton Tran987, 2709-2713.
(9) Ricci, J. S., Jr.; Koetzle, T. F.; Fernandez, M. J.; Maitlis, P. M.; Green, J.
C. J. Organomet. Chen1986 299 383-389.
(10) Bentz, P. O.; Ruiz, J.; Mann, B. E.; Spencer, C. M.; Maitlis, PINChem.
Soc., Chem. Commui985 1374-1375.
(11) Fernandez, M. J.; Bailey, P. M.; Bentz, P. O.; Ricci, J. S.; Koetzle, T. F.;
Maitlis, P. M. J. Am. Chem. S0d.984 106, 5458-5463.
(12) Fernandez, M. J.; Maitlis, P. . Chem. Soc., Dalton Trans984 2063~
2066

(13) Fernandez, M. J.; Maitlis, P. M. Chem. Soc., Chem. Commui982
310-311.

(14) Yao, Z.; Klabunde, K. J.; Asirvatham, A. $org. Chem.1995 34, 4,
5289-5294.

(15) Asirvatham, V. S.; Yao, Z.; Klabunde, K.J.Am. Chem. S0d994 116,
5493-5494.

(16) Djurovich, P. I.; Carroll, P. J.; Berry, D. HOrganometallics1994 13,
2551-2553.

phosphine and phosphine oxide co-ligands, and again, both
nonclassic&f~28 and classicat®32bonding has been observed.

The elusive bis(silyl) dihydride complexes in the (PJRu
system are of interest for several reasons. The relative efficiency
of productive H loss versus HSiR; elimination from such a
complex would likely have a direct impact on the rate of
catalytic dehydrogenative coupling. In addition, stabilization of
the ground-state structures by nonclassicai-H or Si---H
interactions is of fundamental interé$€* and may also
influence the course of the reductive elimination processes.

We now report the synthesis and structures of a series of
stable bis(silyl) dihydride ruthenium complexes, (RMRu-
(SiRg)2(H)2 ((SiRs)2 = (SiHPh), 3a; (SiHPh)2, 3b; (SiMe;-
CH,CH;SiMey), 3¢) and in situ spectroscopic characterization
of the catalytic intermediate (PMgRu(SiMe&),(H)2, 3d, at low
temperatures. Reductive elimination processes in the bis(silyl)
complexes have also been probed through substitution reactions
with CO and PMe.

Results

Synthesis and Solution Structures of Stable Ruthenium
Bis(silyl) Dihydride Complexes.Complexes containing mono-
dentate silyls3a and 3b, were synthesized from (PMeRu-
(SiMe3)Hs (4a) and the corresponding silane (eq 1). Excess of
silane is required to avoid contamination with monosilyl
complexes, e.g., (PMBRu(SiHPRh)H3, an intermediate in the
formation of 3b.

SiMes

o m |
H :_ / + HS|R3 P’I, o
\Ru," "Ru—SiR; (1)
P \“P  -HSiMe; RsSI” | H

P - Hy P

4a 3a, SiRg= SiH,Ph

P = PMes 3b, SiR3 = SiHPh,

The H spectrum of3a at 225 K exhibits chemically
inequivalent Re-H (6 —9.20, dt; 6 —6.95, dm) and SiH

(17) Duckett, S. B.; Haddleton, D. M.; Jackson, S. A.; Perutz, R. N.; Poliakoff,
M.; Upmacis, R. K.Organometallics1988 7, 1526-1532.

(18) Duckett, S. B.; Perutz, R. N.. Chem. Soc., Chem. Commu991, 28—
31

(19) Brookhart, M.; Grant, B. E.; Lenges, C. P.; Prosenc, M. H.; White, P. S.
Angew. Chem., Int. Ed. Eng200Q 39, 1676-1679.
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1995 34, 278-283.
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J. Chem.1994 18, 175-177.

(24) Delpech, F.; Sabo-Etienne, S.; Chaudret, B.; Daran, J.-8m. Chem.
Soc.1997 119 3167-3168.

(25) Delpech, F.; Sabo-Etienne, S.; Donnadieu, B.; Chaudr@rdganometallics
1998 17, 4926-4928.

(26) Hussein, K.; Marsden, C. J.; Barthelat, J.-C.; Rodriguez, V.; Conejero, S.;
Sabo-Etienne, S.; Donnadieu, B.; Chaudret,dhiem. Commun1999
1315-1316.

(27) Delpech, F.; Sabo-Etienne, S.; Daran, J.-C.; Chaudret, B.; Hussein, K.;
Marsden, C. J.; Barthelat, J.-C.Am. Chem. S0d999 121, 6668-6682.

(28) Loza, M. L.; de Gala, S. R.; Crabtree, R.IRHorg. Chem1994 33, 5073~
5078

(29) Tanke, R. S.; Crabtree, R. Brganometallics1991 10, 415-418.

(30) Howard, J. A. K.; Keller, P. A; Vogt, T.; Taylor, A. L.; Dix, N. D.; Spencer,
J. L. Acta Crystallogr., Sect. B: Struct. Sdi992 B48 438-444.
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Table 1. Activation Parameters for Intramolecular Exchange of and chelation of the second silicon hydride at room temperature
Inequivalent Hydride- and Silyl-Ligands in 3a, 3b, and 3d by NMR (eq 2)
Line Shape Analysis q2)-

compd temperature range, K AH?*, kcalsmol~! AS*, calmol 1K1 - /

3 245.810318.7 9.3:0.3 —26+1 H si

30p 282.2 t0 324.7 9.9 0.6 ~13+2 P Nei TNy

3 148.0t0 179.6 6.3 0.6 —4+2 P,,,,_R| wSiMeg SN\

u
~,

aRuH and SiH signals were used in the line shape analy€sly SiH id | ~H - HSiMeg
signals were used in the line shape analys@nly RuH signals were used P
in the line shape analysis. \/
resonancesi(4.81, br g;0 5.57, septet). Two distinct phosphine P, T \\S{/\/S'\H P, 'T KH
environments in a 1:2 ratie®(—15.2, t;0 —5.9, d) are observed "‘Ru'; /"‘Ru; )
even at room temperature. These data are consistent with the P/FI’ H -PMe; P S|\F>
pentagonal bipyramidal seven-coordinate geometry containing / !
axial phosphines suggested by the solid-state structure (vide
infra). The IR stretching frequencies of the RuH and SiH ligands P = PMeg 3¢
fall in the range of classical terminal hydrides ((Nuje(5iH) ) o .
= 2031, 2006 cm?, »(RuH) = 1952 and 1861 cmi) and do The complex of the chelating bis(silylgc, exhibits rather
not suggest strong agostic-SH or H---H interaction1.33 different spectral features th&a and3b. A singlet resonance

CompoundBais fluxional at higher temperatures, and the pairs IS 0bserved for the two hydrides down to 150 K in theNMR,

of inequivalent RuH and Si#Ph groups undergo intramolecular @"d the pairs of S'M%and C"Z’fg groups also exhibit single
exchange. Coalescence of the ruthenium hydrides is observed®nVironments in théH, 1°C, and**Si spectra. Furthermore, the
at ca. 294 K, whereas the-SH resonances coalesce at ca. 276 thre;al phosphine ligands also appear as a single resonance in
K. Activation parameters were obtained via line shape analysisthe, N NMR, spectrum ¢ —11.49 at 189 K). However, tWO.

of the VT IH NMR data between 245.8 and 318.7 K (Table 1). distinct hydride stretches are observed in IR spectrum (Nujol)
Coalescence of the phosphine ligands was not observa2y "’_u 1940 and 1740 cm. The former IS due _to a cla_ssmal RuH

K). The 29Si spectrum of3a at 25 °C shows a single broad ligand, and the lower energy band is consistent with a nonclas-

i coeHeee Sj i 1,33 i i
resonance aty —15.8. Compound3a does not undergo SI)fatL Eu V'::ithsf: |nt?lranct|3\lrﬁ q ?ga;md nnotr:ntﬁlr'\r/lnglgr%ular |
intermolecular exchange with free Phgibin the NMR time exchange ee silane was detected o e e scale

1 1 -
scale in the temperature range examine825 K). up to 353 K (200 MHz!H NMR). The unsymmetrical ground

o . o ) state structure suggested by the IR spectruiput not evident
The bis(diphenylsilyl) complegb exhibits spectral properties  ,,, \\R — is supported by the solid-state structure (vide infra),
very similar to those of3a, and likely adopts a comparable

: T TR ) ; indicating 3c is highly fluxional in solution, even at 150 K.
geometry. This derivative is also fluxional on the NMR time Observation and Solution Structure of the Unstable

scale, and coalescence is observed at ca. 305 and 294 K foi;g(silyl) Dihydride Complex, (PMes)sRu(SiMes)x(H)2 (3d).
RuH and SiH signals respectively (Table 1). A product of the attempts to prepare or observe the bis(trimethylsilyl) complex

first stage in the synthesis 8b, the monosilyl complex (PMgs- analogous t@a—c by reaction of HSiMewith either (PMg)s-
Ru(SiHPR)H3, was readily identified byH NMR spectroscopy. Ru(SiMe)Hs or (PMey)sRu(SiMe;)H were unsuccessful. No
In particular, the AAA"XX'X" pattern for the PMgand RuH reaction is observed at temperatures below ca.°@p and
groups, and a single SiHPlgand are characteristi€. 44 catalytic dehydrocoupling to carbosilanes occurs at higher

The bis(silyl) dihydride complex containing chelating silyl temperatures. Only (PMeRu(SiMe&)H3 is observed as the
groups, (PMg@sRu(SiMeCH,CH,SiMe;)(H), (3¢), was pre- resting state of the catalyst. Given the facile reactions of these
pared in 85% yield from the reaction of (PMgRu(SiMe)H ruthenium complexes with less hindered or chelating silanes
and HSiMeCH,CH,SiMe,H at room temperature (eq 2). An  described above, it seems likely that steric congestion destabi-
intermediate complex, possibly the initial product of silyl/silane lizes (PMe)s;Ru(SiMes)(H). (3d) relative to (PMe)sRu-
exchange, (PM24Ru(H)(SiMeCH,CH,SiMe;H), was observed  (SiMe)H(L) (L = PMes, (H)2), resulting in unfavorable
at 220 K by*H NMR after 1 min reaction at room temperature. equilibria.

This intermediate readily converts ing, via loss of phosphine We have recently reported isolation of the highly reactive
16e complex, (PMeg)sRu(SiMe&)H, 1, which is in equilibrium
(35) Gilbert, S.; Knorr, M.; Mock, S.; Schubert, U. Organomet. Cheni.994 with the 18e silene complex (PMgsRu(CH:SiMey)(H)2, 2,
480, 241 254. and also forms weak adducts with dinitrogdnN, (eq 3)56

(36) Hubler, K.; Hubler, U.; Roper, W. R.; Schwerdtfeger, P.; Wright, L. J.
Chem. Eur. J1997 3, 1608-1616.

(37) Knorr, M.; Gilbert, S.; Schubert, U. Organomet. Cheni988 347, C17— P P P H -N
C20. . N N 2

(38) Mohlen, M.; Rickard, C. E. F.; Roper, W. R.; Salter, D. M.; Wright, L. J. 0.5 SlMes—/Ru\—N:N—/Ru\—SlMe3 —_—
J. Organomet. Chen200Q 593-594, 458-464. H P P P + Nz

(39) Rickard, C. E. F.; Roper, W. R.; Woodgate, S. D.; Wright, L.JJ. 1-N,
Organomet. ChenR00Q 609, 177-183.

(40) Schubert, U.; Gilbert, S.; Mock, &hem. Ber1992 125 835-837.

(41) Burn, M. J.; Bergman, R. G. Organomet. Chenl994 472, 43—54. P CH,

(42) Procopio, L. J., Ph.D. Thesis, University of Pennsylvania, 1991. P, | wSiMej [N\ .

(43) Dioumaev, V. K.; Procopio, L. J.; Carroll, P. J.; Berry, D.HAmM. Chem. Ru == P3RU—SiMe, (3)
So0c.2003 accepted for publication. | “H ‘\H

(44) Yardy, N. M.; Lemke, F. R.; Brammer, Qrganometallic001, 20, 5670~ 1 P 2 H

5674.
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In theory, reaction of with HSiMe; should yield3d, without -10 . . . . T 0
competing equilibria involving PMgor H, association. How- I E_
ever, treatment of with HSiMe; at room temperature leads to ity 5
stoichiometric formation of (PMgsRu(SiMeCH,SiMes)Hs, 4b, E 11 <
and subsequent exchange of the silyl ligand with excess HSiMe o -12p i-1.5 §
to yield HSiMeCH,SiMe; and4a (eq 4). Compoundb is an g 13k 1.0 ‘."_u
empirical isomer of3d resulting from dehydrocoupling of two o E 5
equiv HSiMe. The interconversion oda and4b by exchange -1ab e
of silyl ligands was independently demonstrated by reacting 13 3

. . . . - 3
either complex with the corresponding free silane. An equilib-

-15 L L L L L -3.5
140 160 180 200 220 240 260

rium constant of ca. 9 favoringda was obtained starting from T K

either complex at ambient temperatures, reflecting the greater _ )

teric hindrance of the carbosilyl ligand 4tb. For preparative Figure 1. Temperature dependence of the averaYedNMR chemical
S . ytlig . p p ) shifts of 3d and1. Thed values for the axial mutually trans phosphines are
purposes,4b was independently synthesized in essentially piotted as triangles and the equatorial phosphines as circles.
quantitative yield fromda by ligand exchange with HSiMe
CH,SiMesz and periodical removal of HSiMdeq 4). The NMR
features oflb closely resemble that of the previously described

Table 2. 3P NMR Chemical Shifts and Calculated Concentrations
for the Equilibrium Mixture of 1 and 3d

) bserved 1P NMR lculated [3d], loulated [1],
4a243and other BM(ERz)H3 complexe$5 41 The spectroscopic ovsere oo fosonances - caloaisiEd), - ceeuiaed )
assignment was confirmed by single-crystal X-ray diffraction —
gnment wa y singie-cry y 148 -3.26 -14.23 10.40 <0.01
analysis, vide infra. 162 -3.29 —14.36 10.40 <0.01
169 -3.30 ~14.40 10.40 <0.01
\ 180 -3.29 —14.48 10.39 <0.01
—5 g 188 -3.31 —14.55 10.38 0.02
25 °C H N 219 -3.04 ~14.06 13.54 0.86
Fl’ . + HSiMe. H ‘ M 226 —2.65 -13.54 12.78 1.62
P gySiMes TR TN g, 231 -2.29 ~13.02 12.03 2.37
| ~H p” \“'vp 237 -1.51 -11.99 10.34 3.12
P 3 247 -0.30 ~10.26 5.61 3.73
1 4b
25 °C HSiMes distinct temperature regimes. As the temperature is raised to
+ HSiMe3 H ‘ H 162 K, the Ru-H resonances show dynamic broadening, but
A ! X :
: ‘ P ) the Si-H resonance of free silane remains unperturbed.
+ HSiMe,CH,SiMe; PT\P Coalescence of the ruthenium hydrides to a single peak at
4: —8.50 is observed at 180 K, whereas the free silane shows only

slight broadening{ 3.98, vy, = 39 Hz) at this temperature.

Gi h . bility @@d. i However, a slight increase in temperature to 188 K leads to a
ven the apparent Instability , I was necessary 0 gramatic broadening of the free silane resonarc8.92, v/,

examine the reaction of the 16eomplex1 with HSiMe; at = 388 Hz). At 219 K, the individual resonances for the

low temperatu_res. NOt? that generation of unllggn_ad low . ruthenium and silicon hydrides have disappeared, replaced with
temperatures Is compll_cated by SI(.)W rates of dinitrogen dis- a broad peak at c@. 1.7 (v1» = 400 Hz). This chemical shift
soc@lon fr_oml—Nz_ and |nt_erconver5|on df with 2. Howeyer, is consistent with the weighted average of the twe-Rils and

by dlsgoIV|ng SO!Idl-Ng n met.hylcyclohexaneiu,. rapidly the excess silane hydride, and the chemical shift does change
dega;smg at10°C, adding HSiMe, and mtrodugﬂon of the. with HSiMe; concentration in separate experiments. Line shape
tube into the cold probe of the NMR spectrometer it was possible analysis of the hydride resonances indicate that two independent

;osgen;e rﬁ te_ s_,qllljtlons _contalr:jlng C% 12;/N2,S_5,\?% 0:'2' Zr(;d processes are occurring: intramolecular exchange of the two
6 of the initial reaction product, (PeRuU(SiMe)o(H)z, 3d. Ru—H'’s (Table 1), and with a higher barrier, intermolecular

The residual dinitrogen and silene complexes are essentiallyexChange with free HSiMe The latter process is most likely

unreactive up to 190 and.2.60 K, respgctlvely. .-thN.MR due to reversible SiH reductive elimination to regenerate the
spectrum of3d at 155 K exhibits two multiplets for inequivalent 16€ starting complexZ (eq 5). Complementary information

ruthenium hy(_JIride_s ab —9.56 and—7.48, although coup_ling . for the dissociation of HSiMgfrom 3d can be obtained from
to the phosphines is poorly resolved due to the solvent viscosity 31p NMR

at 155 K. Inequivalent SiMggroups are observed at0.18

and 0.32. Significantly, resonances for excess HSiMee P T<250K p

unperturbed at this low temperature, and thel$iis observed MesSi,, | P +HSiMe; P.. | H _

as a fairly sharp resonance &3.98 (1, = 17 Hz). The3P He l“' T HSiMes 1o /RU\ SiMes
spectrum of3d (155 K) exhibits two resonances in a 2:1 ratio. P MesSi F|, H (5)
These spectral features are extremely similar to thos8dr 1 3d

and are consistent with an analogous pentagonal bipyramidal
structure with both silyl groups located in the equatorial plane.  The temperature dependence of the averagiéd NMR

As observed for3a and 3b, 3d exhibits dynamic NMR chemical shifts o8d and1 in the presence of ca. 9 equiv excess
behavior at higher temperatures; however, in this instance HSiMes is shown in Figure 1 and summarized in Table 2. The
several additional intermolecular processes begin to occur within chemical shifts of the two phosphine resonances remain fairly
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constant between 148 and 188 K and constitute the limiting When the solution containin@d, generated froml and
low-temperature spectrum 8. As the temperature is raised HSiMe; at 195 K as described above, is held at 262 K for
from 188 to 247 K the resonances undergo a substantial drift 1.5 h, three major species appear in a ratio of approximately
(4 ppm) to lower field. This behavior is consistent with the 10:8:1. One of them can be tentatively assigned as the {pMe
proposed dynamic exchange betweeand 3d, with 1 being Ru(SiMey)sHs (1). Complex! exhibits a nonfirst-order multiplet
present in increasingly significant quantities at higher temper- até —9.13, and a single SiMeesonance at 0.01 inH NMR;
atures. Knowing the limiting low-temperature chemical shifts these two peaks are found in a 1:9 ratio, suggesting a
for both 1#° and 3d, the equilibrium constant for HSiMe stoichiometry of one RuH for each SiMe. The simplest new
dissociation fron8d can be calculated at each temperature, and 18e” complex with a 1:1 RuH/SiMe; ratio is (PMe).Ru-
thermodynamic parameters extracted from the temperature(SiMes)sHs — derived from3d through a phosphine loss and
dependence oKy The values determinedAHsig—cim = HSiMe; addition. Another possibility is the 16entermediate,
11.04 0.6 kcatmol™* and A Ssig—elim = 40+ 2 catmol~1-K 4, (PMe;y).Ru(SiMes)2(H)2.

are consistent with the proposed dissociative process. Further- The other major product of ligand redistributidih)(exhibits
more, the equilibrium concentrations bfand 3d determined two ruthenium hydride resonances, coupled inequivalently to
from the3P NMR can be utilized in théH NMR line shape  two phosphorus nucleid(—10.01, dd,Jpy = 21, 34 Hz;9
analysis to determine the activation parameters for HgiMe —12.17, ddJpy = 24, 64 Hz). The two d of d coupling patterns

dissociation AHE, o = 9.2 + 0.8 kcatmol™%; ASL, o = collapse to singlets in thg1{3'P} spectrum. TwdH resonances
9 + 3 cabmol K™% AHL,, 4= —1.8 &+ 0.8 kcatmol™%; for SiMe; groups are observed at 0.12 and 0.09, each
A%H,add = —31 + 3 catmol 1-K™Y). integrating as 18:1 against each of the hydride resonances. This

From the previous analysis, it is clear that substantial May be interpreted as a complex with an overall SifRe—H
concentrations ofl. are present in solutions @&d at higher ~ ratio of 4:2 (e.g., (PMg:Ru(SiMe)s(H),, possessing two

temperatures, even in the presence of excess HSiether- different SiMe and hydride environments). The considerable
more, this highly reactive unsaturated species can do more tharStéric crowding inll finds some precedent in (PMeRu-
merely re-coordinate HSiMeProton NMR spectra o3d held (GeMey),,%8 in which six large ligands surround the ruthenium

at 262 K for hours reveal the appearance of several new center. Furthermore, although compléxwould formally be
resonances betweed —2 and —15 ppm, suggesting the an eight-coordinate Ru(VI) species, the presence of one or two
formation of a variety of new ruthenium hydride species. Two fluxional 7*-HSiMe; ligands would serve to reduce both
of the species produced are known complexes and can befrowding and the formal oxidation state. Further speculation is
conclusively identified: 4a and (PMe)sRu(SiMe)H. These unwarranted, . due to the possibility of unobs'er.ved peaks
18e complexes are the net result of reactiorlofith H, and (obscured or in coalescence) and other uncertainties.

PMe;, respectively. As there is no apparent source of these The concentration of the third redistribution produitk ) is
ligands other thad (and1) under these reaction conditions, 10w, but can be increased significantlyI(:1ll ratio ca. 3:2:2)

the stoichiometry suggests that additional complexes containingby removal of volatiles (including HSiMgfrom the cold sample
[(PMes);Ru] and [(PMe)sRu(SiMey);] fragments are concur-  0f 3d and addition of fresh cold solvent. Compl#k exhibits
rently produced. Note that the concentration of silene complex & singlet'H resonance at —1.56, a nonfirst-order multiplet at

2 (present from the original sample preparation, vide supra) doeso —9.31, and two singlet SiMeresonances at 0.19, 0.42 in

not change significantly at this temperature, and that formation @ 2:2:9:9 ratio. The) —1.56 resonance falls in a region far
of HSiMe,CH,SiMe; (and H) by dehydrocoupling is slow and ~ downfield from classical ruthenium hydrides or even non-
cannot account for the increase in (PJARu(SiMe)Hs. The classicaly?-Si—H complexeg! For example, (PCy.Ru(y*
redistribution of ligands is not readily reversible: cooling the H—SiRs)2(H). complexes reported by Sabo-Etienne and co-
Samp|e from 262 K back to 155 K allows clearer ana|ysis of all workers exhibit chemical shifts for the nonclassicaH®—Si

species in théH NMR spectrum’ but 0n|y a small fraction of hydrides Only afew ppm downfield from the classical ruthenium
3d is observed. hydrides (cad —7 to —10 vs cad —10 to—13) 242" However,

another class of ligandsy?-(Hz), show a wide range of

) - 47 48 . - )
spectrum of this complex mixture cannot be evaluated with total chemical shifts" _encompassing thé 1.56 observed in
l (e.g.,6 —1.70 in (PPr3)2(CO)RU(SIE})Cl(172%-H)*° and 6

confidence, thus identification of the various species present
—2.4 [(dppm)}HRu(?-H)]*[OPh] 9. We can then formulate

must be viewed as tentative. However, the number of hydride . . f . 5
resonances and associated phosphine coupling patterns (cor® tentative assignment tf as (PMg).Ru(SiMey)2(H)2(17%-Hz)

> L 2 . .
firmed in the'H{31P} spectra) provide further information and (PM%)ZdRu(” hH S'Me3)_2(’7 th).hElther f(_)l\rémul_anon can
permit tentative assignment consistent with the apparent stoi- accommodate the constraint that the two SjMavironments

chiometry of the ligand redistribution processes. Furthermore, must be inequivalent.

repeated generation of redistribution mixtures in independent Remarkably, despite the plethora of ruthenium silyl hydride
experiments and with different initial concentrations of HSiMe ~COmplexes present at 262 K, the situation reverts to extreme
allows correlation of the hydride resonances with peaks in the Simplicity after samples are warmed to room temperatdee;
silicon methyl region of théH NMR spectra, as well as peaks and4b are the only ruthenium products observed. The silene

in the 3P spectra.

The phosphine and silyl methyl regions of thid NMR

(46) Reichl, J. A.; Popoff, C. M.; Gallagher, L. A.; Remsen, E. E.; Berry, D. H.
J. Am. Chem. S0d.996 118 9430-9431.

(45) In the absence of HSiIMgl exhibits two phosphine resonancé$®(NMR, (47) Heinekey, D. M.; Oldham, W. J., J&hem. Re. 1993 93, 913-926.
303 K, 6 5.58, d and—3.31 t), which show only a slight temperature (48) Sabo-Etienne, S.; Chaudret, Bhem. Re. 1998 98, 2077-2091.
dependnce ¢ 5.58, d and-2.56, t at 166 K) and do not undergo dynamic  (49) Esteruelas, M. A.; Oro, L. A.; Valero, @Qrganometallics1991, 10, 462—
broadening or lose the-FP coupling. 466.
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complex present at 262 K from the initial generatior8dfreacts
(via 1) with HSiMe; at a significant rate above 273 K, and is

consumed rapidly at ambient temperatures. Approximately
stoichiometric amounts of the carbosilane dehydrocoupling

product are observed @b and free HSiMgCH,SiMe;. Note

that no other species are observed when the sample is re-cooled

to 262 K after a day at room temperature.

Reactivity. It was shown above th&d undergoes rapid and
reversible elimination of HSiMgat temperatures above 220 K,
and that substantial amounts of the 1@eis present at higher

temperatures. It is not surprising, therefore, that solutions of

3d react rapidly with carbon monoxide. The kinetic product is
mer(PMe3)sRu(H)(SiMe;)(CO), a monocarbonyl complex in
which the CO ligand is located trans to the Sigvigroup,
analogous to the geometry at ruthenium lirN,. At room
temperature, however, isomerization to the more stédte
(PMes)sRu(H)(SiMey)(CO) is complete in<1 h (eq 6)242

P P
P, | H o8 P, | SiMeg
/"Ru"\—SiMe3 /"Ru"\

Messi” | “H oc H

P o (6)
3d .
<th  Ps | .SiMes
- Ru__
P” | H
P

Although bis(silyl) dihydride complexe®a—c are quite stable
relative to3d, they are also labile and readily react with CO
following elimination of HSIR and/or H. For example, reaction
of bis(diphenylsilyl) derivative8b under 1 atm CO is complete
within 10 min at room temperature, yielding (PRRu(H)-
(SIHPh)(CO) as a mixture of three isomers: mer (trans CO,
Si), fac, and mer (trans CO, H) (eq 7). The ratio after 10 min

is 80:14:6 and changes to 40:50:10 after 1 h, again reflecting
the greater stability of the fac-isomer. As expected, reaction of

3b with PMe; follows the same trend to give a single product
of SiH elimination — (PMe;)4sRu(SiHPR)H. The chelating
bis(silyl) 3c behaves similarly, although significantly more
slowly. Approximately 10% conversion to the mer-isomer
(PMe;)3(CO)RuU(SiMeCH,CH,SiMe;H)H is achieved after 10
min (1 atm CO, 25C). After 24 h (100% conversion) the fac-
isomer is predominant (fac/mer ca. 25).

u P P
“, | SiHPhy co oc, | H
P—Ru—H oo Ru_ +
~q; - H,SiPh
| siHPhy “PeSPe - p e | gy,
P P
3b  P=PMe;
(7)
co P
P | H P..| JH
Ru’ + /'Ru'
P/ll\SiHth oC lL\SiHPhZ

The formation of mer-monocarbonyl complexes (primarily
CO trans to SiR) as the kinetic products in the above reactions
suggests that the five-coordinate intermediates, @iRe(H)-
(SiRs), maintain a square pyramidal geometry with the silyl

Scheme 2
P P
OC, | SHPh 5o OC, | (SiH,Ph
/Ru'\ Ru’
P I'L SiH,Ph oc” FL \SinPh
+CO 3 days, 65 % 3 days, 20 %
H 11 days, 35 % 11 days, 50 %
-Hz
P
H. | .SiHzPh
P—Ru—H 3a P =PMes
| ““SiH,Ph
P
+CO
- PhSiHz
P
P.. | .SiHzPh
Ru.
OC/ | \H 3 days, 15 %
P 11 days, 15 %

unfavorable arrangement of two strong trans-directing ligands
— silyl and CO— in the kinetic mer-isomers.

Although bis(silyl) complexe8b—d react with CO only via
silane loss, reaction d&awith CO is more complex. Carbonyl
derivatives arising from both SiH and,Helimination are
observed (Scheme 2). The former produces a monocarbonyl
complex, mer-(PMe;)sRu(H)(SiHPR)(CO), which does not
undergo isomerization to the fac-isomer after weeks at room
temperatures. The majority of the reaction, however, proceeds
by H, elimination to generate a monocarbonyl! bis(silyl) deriva-
tive, mer{PMe;)3(CO)Ru(SiHPh). Subsequent substitution of
a second phosphine ligand trans to silyl produces the dicarbonyl
complex, (PMg)2(COXLRu(SiHPh), (cis carbonyls and silyls,
trans phosphines). The relative ratio of ¥5 HSi elimination
can be estimated from the sum wier{PMe;)3(CO)Ru(SiH-

Ph)y and (PMg)(CORRuU(SiHPh) vs mer(PMes)sRu(H)-
(SIHPh)(CO) as approximately 85:15. The facile formation of
the dicarbonyl complex in this particular case is mostly due to
the strong trans effect of the second silyl on the phosphine, a
factor not present in the substitution reactions3bf-d.

Solid State Structures. The structure of the bis(silyl)
dihydride complex3a in the solid state was determined by a
single-crystal X-ray diffraction study. Selected bond distances
and angles are presented in Table 4. As illustrated by the ORTEP
diagram (Figure 2), the non-hydrogen ligands around ruthenium
form a distorted trigonal bipyramid, with two phosphines trans
in the axial positions (P2ZRu—P3 = 171.4(1)), and third
phosphine and the two silyls forming the equatorial plane (sum
of angels= 360.0). Two of the three angles in the equatorial
plane are considerably larger (PRu—Sil = 133.4(1y and
Sil—-Ru—Si2 = 133.0(1)) than the third (PXRu-Si2 =
93.6(1Y). The ruthenium hydrides were not located, but can
reasonably be assumed to fill the substantial voids in the
equatorial plane located on both sides of Sil, thus completing
the seven-coordinate pentagonal bipyramidal geometry. Note
that inequivalent hydride environments are required by the IR
spectrum and the low-temperature NMR spectra exhibited by

predominantly trans to the vacant coordination site, as suggested3a. The Ru-P bond length for the equatorial phosphine

by the spectral features dfand by the structure df-N,. The

(2.386(2) A) is longer than for the axial ligands (2.339(2),

greater stability of the fac-isomers presumably reflects the 2.329(2) A) consistent with the strong trans influence of silicon
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Table 3. Crystal Data for 3a, 3c, and 4b

compound 3a 3c 4b

formula RUQ1H438i2P3 RU1015H45Si2P3 RU]_Cl5H47Si2P3
formula weight  545.73 475.67 477.69
crystal system orthorhombic monoclinic monoclinic
space group Pna2; (#33) C2/c (#15) P2:/n (#14)
color pale yellow colorless colorless

z 4 8 4

a A 18.0290(6) 35.9187(5) 14.1488(1)
b, A 16.2315(6) 9.3210(1) 18.5561(3)
c, A 9.5547(4) 16.1099(1) 9.9845(1)
p, deg 114.123(1) 93.059(1)
v, A3 2796.1(3) 4922.55(9) 2617.66(5)
T, K ambient 210 200

R 0.042 0.0507 0.0456

wR 0.05G 0.1107 0.1127

GOF 1.58 1.103 1.127

aF2 > 3.00(F% data used;R = Y||Fo] — |Fc||/3|Fol; WR =
{IW(IFol — [Fcl)¥3w|Fo/% 2 P All data usedR = 3 (||Fol — |Fcl[)/3|Fol;
WR = {3W(Fo® — F?)ZyW(Fo?)Z 2.

Table 4. Selected Bond Distances and Nonbonding Contacts (A)
and Angles (deg) in 3a

Ru—P1  2386(2) RwP2  2339(2) RuP3 2.329(2) ci2 ci3
Ru=Sil  2.390(2) RusSi2  2437(2) Figure 3. ORTEP drawing of (PMgsRu(SiMeCH.CH;SiMe)(H)z, 3,
P1-Ru—P2 94.2(1) PHRu-Sil 133.4(1) (30% thermal ellipsoids).
P1-Ru—P3 93.8(1) P2 Ru—Sil 87.3(1)
P2-Ru—P3 171.4(1) P4+RU—Si2 93.6(1) C1a
P3-Ru—Sil 89.2(1) P2-RU—Si2 87.9(1)
P3-Ru—Si2 88.7(1) Sit+-Ru—Si2 133.0(1)

C19

C21

y P2
CW) N ‘ @18
C17 C16
epllﬁg; ifj.s).ORTEP drawing of (PMgsRu(SiHPh)(H)2, 33, (30% thermal ggt'r’;]ea‘l’-e”ﬁgggldfawmg of (PMgsRuU(SiMeCH;SiMes)Hs, 4b, (30%
are often imprecise in X-ray structural determinations. One of
and hydride ligand$? The two Ru-Si bond lengths are also  the hydrides appears to exhibit an agostic interaction with Si1
considerably different, with a longer bond observed for the silyl (1.81(4) A), whereas the other is in only moderately close
ligand presumed to be approximately trans to a hydride{(Ru  contact with the same silicon (2.15(3) A). Both silyls are more
Si2 = 2.437(2) A, Ru-Sil = 2.390(2) A). or less trans to phosphines, hence the-Riidistances are
The crystal structure of the chelating bis(silgt also reveals similar. The distance for the agostic silyl is only slightly
a distorted bipyramidal geometry (Figure 3), but in this case elongated (2.4682 vs 2.4514 A). Similar structures with two
one of the axial positions is occupied by a silyl ligand, and two Ru—H:-+Si contacts to the same Si (one short, £1384 A,
phosphines and a silyl are located in the equatorial plane (P2 and one long, 2.042.43 A) were recently found experimentally
Ru—Si2 = 168.63(3}, sum of equatorial angles 358.66). and probed computationally by Sabo-Etienne and co-work-
Selected bond distances and angles are presented in Table Zers2427.51Furthermore, structures with two ((P§3Ru(y?-H>)-
The two hydrides were located adjacent to Sil, and were (52-H—SiPhy)(H),, 1.72 and 1.83 A3 three ((PPHzRu(H)(n?
successfully refined isotropically. Although final refinement H—SiPhOSI(OH)Ph, 1.97, 2.03 and 2.07 &% and even four
gave very satisfactory R factors, distances and angles concerning
the hydride ligands must still be viewed with appropriate (50) Ayllon, J. A.; Gervaux, C.; Sabo-Etienne, S.; Chaudre©&janometallics

. - 1997, 16, 2000-2002.
caution, as the positions of hydrogens bound to heavy atoms(s1) Nikonov, G. I.Angew. Chem., Int. Ed. Eng2001, 40, 3353-3355.
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Table 5. Selected Bond Distances and Nonbonding Contacts (A)
and Angles (deg) in 3c

Table 6. Selected Bond Distances and Nonbonding Contacts (A)

and Angles (deg) in 4b

Ru—P1  2.3456(9) RuSil 2.4682(9) RuHl  1.56(4)
Ru—P2  2.3689(8) RuSi2 24514(9) RuH2  1.50(4)
Ru—P3  2.3522(9) SitH1  1.81(4)
P1-Ru—P2 98.81(3) P3Ru—Sil 138.52(3)
P1-Ru—P3 98.84(3) PERuU—Si2 92.06(3)
P3-Ru—P2 92.95(3) P2RU—Si2 168.63(3)
P1-Ru—Sil 121.30(3) P3RU—Si2 88.63(3)
P2-Ru—Sil 90.92(3) Si2-Ru—Sil 80.52(3)
P1-Ru—H1 74.4(14) P+Ru—H2 168.9(12)
P2-Ru—H1 93.4(13) P2-Ru—H2 92.2(12)
P3—Ru—H1 171.4(13) P3-Ru—H2 78.8(12)
Si1—Ru—H1 47.2(14) Sit-Ru—H2 59.8(12)
Si2—Ru—H1 86.3(13) Si2-Ru—H2 77.1(12)
H1—Ru—H2 107(2) Ru-Sil—H1 39.2(11)

Ru—P1  2.3219(7) RuHl  1.60(4) SitH1  2.00(4)
Ru—P2  23147(7) RuwH2 1.61(3) SitH2  2.09(4)
Ru—P3  23220(8) RuH3 158(5) Sit-H3  2.05(5)
HI-H2  2.33(5) H2-H3  2.39(6) HI-H3  2.32(6)
Ru—Sil  2.3774(8)

P1-Ru—P2 97.63(3) P+Ru—Sil 120.18(3)
P2-Ru—P3 99.86(3) P2Ru—Sil 118.99(3)
P1-Ru—P3 98.89(3) P3Ru—Sil 117.10(3)
Si1—Ru—H1 56.3(14) PE+Ru—H1 176.4(14)
Sil—Ru—H2 59.6(13) P+Ru—H2 84.3(13)
Sil—Ru—H3 58(2) PtRu—H3 84(2)
P2-Ru—H1 84.3(14) P3-Ru—H1 83.7(14)
P2-Ru—H2 81.3(13) P3-Ru—H2 176.4(13)
P2-Ru—H3 177(2) P3-Ru—H3 82(2)
H1—Ru—H2 93(2) H2-Ru—H3 97(2)
H1—Ru—H3 94(2)

strong interactions ((Prs):Ru(H)(SiHs)Ru(H)(PPrs),, 1.69,
1.69, 1.73, and 1.73 Ajwere also reported by the same group.
These interactions are believed to be of great importance for
the fluxional behavior, reactivity and stability of the complexes.
For example, in (PGY2Ru@?-Hy)(7>-H—SiPhy)(H), the two
bulky phosphines are forced to adopt an almost cis arrangemen
(109.7%) to accommodate the two agostic interactions. In all
of the aforementioned cases, includi@g the short and the
long H:--Si contacts were detected in solution (IR) as well as
in the solid state (X-ray). The calculated model compounds also
exhibited a comparable geomet£%27.530n the NMR time

scale these interactions are masked by fluxional averaging and'€/@xation times

are manifested only in the increase of the appadeint(22—
82 Hz, presumably an averagedfgosicand?Jgiassica) 24262753
Noteworthy, the averagé value is not a rigorous criteriot.
Thus, in the case of ((PGgRuU(H)(7>-H—SiMe,),0)?* the
agostic interactions have surprisingly little influenceJgp (22
Hz), where as foi3c the effect is even less pronounced (16
Hz). However, alsiy value resulting from the averaging of a
classicaPJsiy and an agostiJsiy can be especially misleading
as these scalar couplings may have opposite signs.

The solid-state structure of the silyl trinydride comphéix
is shown in Figures 4. Selected bond distances and angles ar
presented in Table 6. All hydrogens were located and refined
isotropically. The crystal structure of this seven-coordinate
complex can be formulated as a roughly tetraheds8i Brray
surrounding ruthenium, with the three hydrides capping t% P
faces. This ligand arrangement is typical for sugM(ER3z)H3
(E = Si or Sn) complexe%4042-4455 The Si-C and Ru-P
bonds are eclipsed when the molecule is viewed along the Ru
Si axis, and the hydride ligands are staggered with respect to
the Si methyls and P atoms. Alternatively, the structure can be
viewed as a pseudooctahedfat-Ru(PMe)sHs unit with the
silyl group capping the face defined by the three hydride ligands.
In either case, this arrangement minimizes steric repulsion
between the nonhydride ligands around the metal, in much the
same manner as the trigonal bipyramidal geometry found for
the RuRSI, core in compound8a and 3c. All distances and
angles are within expected range with the exception of shorter
than van der Waals contacts between hydrides and Sil (2-00(4)

(52) Atheaux, |.; Delpech, F.; Donnadieu, B.; Sabo-Etienne, S.; Chaudret, B.;
Hussein, K.; Barthelat, J. C.; Braun, T.; Duckett, S. B.; Perutz, R. N.
Organometallics2002 21, 5347-5357.

(53) Atheaux, I.; Donnadieu, B.; Rodriguez, V.; Sabo-Etienne, S.; Chaudret,
B.; Hussein, K.; Barthelat, J.-O. Am. Chem. So200Q 122, 5664-5665.

(54) Dubberley, S. R.; Ignatov, S. K.; Rees, N. H.; Razuvaev, A. G.; Mountford,
P.; Nikonov, G. 1.J. Am. Chem. SoQ003 125, 642-643.

;

2.09(4) A for H--Si), which may indicate some delocalized
bonding in the Ru(Si)kifragment, albeit not a strong interaction.
The H--H separations (2.32(6)2.39(6) A) are much longer

than found iryy*-H, and related complexégThis is in accord

with the solution spectrocopic data (IR (benzene(RuH) =
1893 cnl; IH{31P} NMR (C¢Dg): Jsiy = 25 Hz). Evidence
for nonclassical EH (E= Si or Sn) bonding, but not dihydrogen
complexation, is also observed in othgM(ER3)H3; complexes,

both in the solid state (X-ray) and in solutiodgff and T,
5&_6,3&40

Discussion

Compounds3a—3c represent an array of well-characterized
models of possible structural patterns and chemical behavior
of a catalytic intermediate, (PMgRu(SiMes)2(H)2 3d, which
was long postulated in the dehydrogenative coupling of silanes
but never observed prior to this work. The structure and
properties of3a—c allow the spectroscopic data f8d to be
interpreted with greater confidence. The complicated dynamic
behavior and reactivity a8d provide insight into the catalytic
ehydrocoupling process, and offers an opportunity to extract
inetic and thermodynamic information.

Reactivity. Compounds3a—d participate in the SiH and H
reductive eliminations. The products of these reactions; 16e
intermediates, undergo a variety of oxidative processes such as
SiH and H (intermolecular) angB-CH (intramolecular) addi-
tions. The selectivity of these steps influence formation and
scission of SC bonds, hence the efficacy of polymerization
vs depolymerization and other nonproductive reactions, and
bears closer examination.

The selectivity for silane or dihydrogen elimination clearly
depends on the silyl substituents 3a—d. In the case of the
reaction of CO witl3a — the least hindered of the seriesthe
activation barriers for both SiH and ;Heliminations are
comparable and products resulting from both processes are
observed. On the other hand, the only observable products from
treatment of3b—3d with CO result from silane loss, which
indicates that Kl elimination is at least ca. 160slower than
SiH elimination. It is likely that the primary difference between
3aand3b—d is the greater steric congestion in the latter, which
accelerates dissociation of the large silane fragment in preference
to Ho.

The trapping experiments also reveal a clear relationship
between bis(silyl) complex structure and reactivity. Thus, the
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Comparison of Inter- and Intramolecular Addition and
Elimination Reactions Bond disruption enthalpy data (BDE)
are scarce for late transition metals in general and even more
rare for silicon containing complexés.Therefore, it is of

whereas only weakly trans-directing phosphine ligands are transinterest to map relative thermodynamic preferences for the

to the silyls in3c.

processes occurring in the catalytic systemlpf, and 3d.

A caveat concerning these experiments is that the geometry Thermodynamic data for the SiH oxidative addition 1o
of the CO-trapped complexes does not necessarily reflect the(AHsin-aga= —11.0% 0.6 kcatmol™; ASsin-aga = —40 + 2

geometry of the 16eintermediate initially resulting from SiH
or Hy loss. It is true that the structures ofer{PMe;)3(CO)-
Ru(SiRs)2 andmer{PMe;)3(CO)Ru(SiR)H are consistent with
a loss of H or SiH from 3a, 3b, and3d immediately followed
by addition of CO to the newly formed coordination site.
However, in the case cit is impossible to generate an open
coordination site trans to silicon by simple-S3il dissociation
without isomerization of the 16eintermediate (Scheme 3).
Clearly, addition of CO (at least in the case 3d) is slow
relative to rearrangement of the five-coordinate species initially
produced. On the basis of known analogfe8! the most stable
5-coordinate intermediate should have a silyl ligand trans to
the empty site (cis to hydride). Indeed, the kinetic carbonylation
product of3c (and the other bis(silyls)) has the CO ligand trans
to silyl, even though this arrangement of two strong trans-
directing ligands is not thermodynamically favorable, and
rearrangement to the fac-isomer is ultimately observed.
Interestingly, carbonylation &b yields significant amounts
(ca. 10%) of another produater{PMe;)3(CO)Ru(SiHPh)H
(trans CO, H), which suggests the I6species with hydride
trans to the empty site is fairly close in energy in this case.
Thus, the trapping experiments reveal information on both the
relative rates of the elimination processes in the 1Mes)s-
Ru(SiRs)2(H). compounds and on the structures and relative
stability of 16e intermediates as well.

(55) Feldman, J. D.; Peters, J. C.; Tilley, T.Organometallic2002 21, 4065~
4075

(56) Clark, G. R.; Rickard, C. E. F.; Roper, W. R.; Salter, D. M.; Wright, L. J.
Pure Appl. Chem199Q 62, 1039-1042.

(57) Rickard, C. E. F.; Roper, W. R.; Salter, D. M.; Wright, LQfganometallics
1992 11, 3931-3933.

(58) Maddock, S. M.; Rickard, C. E. F.; Roper, W. R.; Wright, L. J.
Organometallics1996 15, 1793-1803.

(59) Heyn, R. H.; Huffman, J. C.; Caulton, K. Gew J. Chem1993 17, 797—
803

(60) Poulton, J. T.; Sigalas, M. P.; Eisenstein, O.; Caulton, KInGrg. Chem.
1993 32, 5490-5501.

(61) Huang, D.; Heyn, R. H.; Bollinger, J. C.; Caulton, K. Grganometallics
1997 16, 292-293.
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cakmol~1-K~1) can be compared against the previously reported
values for3-CH activation inl (AHg-cH-ada = —2.7 £ 0.3
kcaktmol™; ASs cH-add = —6 £ 1 catmol~1-K~2).5 Further-
more, qualitative thermodynamic values for thgdddition can

be added to this comparison, as the productsodiditlition,4a
and4b, are by far more stable than those of SiH®EH (3d

or 2) at all temperatures examined. Because of the very different
entropy contributions to inter- and intramolecular additions to
1, the thermodynamic preference strongly depends on the
temperature. Below ca. 250 K, the driving forces change in the
following order (arranged most to least favorabl®Guy—add

< AGsjH-add < AGg-cH-ade HOwever, above ca. 250 K the
preference foff-CH— over SiH activation changesAGun-add

< AGg-cH-add < AGsinada Clearly, the reactivity pattern df

at higher temperatures is dominated by entropic contributions
and steric effects, which favor intramolecular addition of the
smaller3-CH,—H over intermolecular addition of M8i—H.

It is also instructive to compare the activation parameters data
for f-CH, SiH, and HH additiorrelimination reactions. Un-
fortunately, although the former two have been measured, the
H, elimination process was not directly observed3ih and
hence could not be quantified. However, a minimum barrier
for H; elimination from3d can be estimated. The two hydrides
in 3d are located in inequivalent, nonadjacent positions, whereas
the minimal requirement for tlissociation is a cis arrangement
of the hydride ligands. The fastest dynamic process observed
for 3d that might achieve this is the intramolecular exchange
of the inequivalent ruthenium hydrides, which has measured
activation parameterAH* = 6.5+ 0.6 kcatmol~! andAS' =
—4 4+ 2 catmol™-K~L. These would therefore define the
minimumbarrier for H dissociation. In fact, this barrier most
likely characterizes the partial elimination of S#24.27.6268
not Hy, and may well underestimate the barrier foréfimina-

(62) Wang, W. D.; Hommeltoft, S. I.; Eisenberg, Brganometallics1988 7,
2417-2419.
(63) Wang, W. D.; Eisenberg, R. Am. Chem. Sod.990Q 112 1833-1841.
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tion by a substantial margin. Even so, above 220 K, this con-
servative estimate for elimination is higher than the barrier
for SiH elimination; i.e. Kyn—elim < KsiH—elim above 220 K.

In turning to the relative kinetic barriers for oxidative
additions to1l, it is unfortunate that activation parameters
cannot be easily estimated for dihydrogen. However, the
SiH addition processAHL, .4 = —1.8 + 0.8 kcatmol™%;
ASy aqq= —314+ 3 catmol~1-K~2) can be compared against
previously reported values for the intramolecya€H addition
(AH}_ciy-aga= 16.4+ 0.6 kcatmol™; AS; ¢y ogq= —13 £
6 catmol~1-K=1).5 It is not surprising that thentermolecular
addition of silane exhibits a more unfavorable entropy of
activation than theintramolecular 5-CH addition, but the
difference in activation enthalpies is more interesting. The
enthalpic barrier for addition of the CH bond is ca. 16
kcakmol~1, whereas SiH addition involves essentially no
enthalpic barrier. Note that the difference in CH and SiH bond
strengths is not sufficient to account for this discrepancy (100
vs ca. 95 kcal molt).%? Clearly, there is compensation of any
enthalpic cost of StH bond weakening in the transition state
by favorable SiH bond complexation. The longer bond length
and greater polarizability make the SiH ideally suitedddyond
complex formatior#®7%and indeed, in this case the rate limiting
transition state for “oxidative addition” may really be SiH
coordination. On the other hand, complexation of the CH bond
is not as favorable, and if occurring, does not completely

coupling of HSiMg at higher temperatures. Closer inspection
of this reaction betweer110 and—10 °C by NMR reveals a
plethora of silyl hydride phosphine complexes formed by ligand
redistribution prior to CH activation. Following silane dehy-
drogenation above ca. I, this array of complexes evolves
into a very simple mixture of the very stable tris(phosphine)
trinydride silyls 4a and 4b. The key CH cleavage and SiC
formation steps almost certainly proceed @i elimination
from some manner of |Ru(SiMe;), complex; however, it is
clear that the exact number and arrangement of co-ligands
cannot be specified in this system.

The least hindered comple3a, reacts with carbon monoxide
principally via an H elimination pathway, with SiH elimination
as a minor process. However, only SiH elimination is observed
for 3b—d. This suggests thatt€limination— a critical step in
any dehydrogenative coupling processs thermodynamically
and kinetically viable in the presence of silyl ligands, but that
steric crowding increases the preference for loss of the larger
silane molecule. The reaction 8t with carbon monoxide is
orders of magnitude slower tha&a, 3b, or 3d, reflecting the
different geometry of the chelated complex and the resultant
lack of strong labilizing ligands trans to the silyl groups.

The most hindered bis(silyl) comple3d, is extremely labile
and even in the absence of CO undergoes SiH reductive
elimination to generate the 16especiesl. This process is
reversible and fast on the NMR time scale above 173 K,

compensate for CH bond weakening. Thus, despite the unfavor-allowing to quantify thermodynamic and kinetic parameters for

able activation entropy for silane addition1pCH addition is
slower at all reasonable reaction temperaturesd. 350°C).

Conclusions

Bis(silyl) dihydride complexes (PMBRU(SIiRs)2(H)2 ((SiRs)2
= (SiH,Ph), 3a, (SiHPh),, 3b, and (SiMeCH,CH,SiMe,), 3¢)

silane elimination AHsjy—elim = 11.0 &= 0.6 kcatlmol~! and
ASsit-elim = 40 £ 2 catmol ™KL AHL,, = 9.2+ 0.8
kcatmol ! and ASy,,_qim = 9 + 3 cakmol1-K~2). Reductive
elimination of H, cannot be quantified at low temperatures, but
is clearly a minor process. Theninimum barrier for H
elimination, estimated based on the intramolecular rearrange-

are stable and exhibit pentagonal bipyramidal geometries. A ment of 3d required to place the two hydrides cis, is higher
meridional arrangement of the three phosphines is generallythan the barrier for silane elimination at all temperatures above

preferred, except in the case of the chelating bis(siBd)
Although there is no evidence for nonclassicatBiinteractions

in 3aandb, the equatorial silyl group iBcis in close contact
with one hydride (1.81(4) A) and is moderately close to the
other hydride (2.15(3) A) in the solid state and solution
(»(Rur++H-+-Si) = 1740 cn! andv(RuH) = 1940 cnl). The
highly hindered bis(trimethylsilyl) analogue, (PBRuU(SiMe;),-
(H)2 (3d), an intermediate postulated in catalytie-8 bond

ca. 220 K.

The thermodynamic preferences for oxidative addition$ to
are dominated by entropy contributions and steric effects.
Addition of H is by far most favorable, whereas the relative
aptitudes for intramoleculg-CH?® and intermolecular SiH addi-
tion are strongly dependent on temperatuxel§iy—ags= —11.0
4+ 0.6 kcatmol™! and ASsiy—aqg = —40 £ 2 catmol K 1;
AHg cH-add = —2.7 £ 0.3 kcatmol™! andASs cH-adda = —6

activation/functionalization processes, is not stable above ca.£ 1 catmol~%K~1). Thus, SiH addition is favored below ca.

—30 °C, but can be characterized spectroscopically at low
temperatures. The structure &d in solution is similar to that

of 3aand3b. Treatment ofl. with HSiMe; at room temperature
leads to formation of (PMgsRu(SiMeCH,SiMe3)H; (4b), the

CH functionalization process critical to catalytic dehydro-

(64) Fryzuk, M. D.; Rosenberg, L.; Rettig, S.ldorg. Chim. Actal994 222,
345-364.

(65) Sun, J.; Lu, R. S.; Bau, R.; Yang, G. &rganometallicsl994 13, 1317~
1325

(66) Fryzuk, M. D.; Rosenberg, L.; Rettig, S. Qrganometallics1996 15,
2871-2880.

(67) Buil, M. L.; Espinet, P.; Esteruelas, M. A.; Lahoz, F. J.; Lledos, A.;
Martinez-llarduya, J. M.; Maseras, F.; Modrego, J.; Onate, E.; Oro, L. A,;
Sola, E.; Valero, Clnorg. Chem.1996 35, 1250-1256.

(68) Butts, M. D.; Bryan, J. C.; Luo, X.-L.; Kubas, G. lhorg. Chem.1997,

36, 3341-3353.

(69) Becerra, R.; Walsh, R. Iihe Chemistry of Organic Silicon Compounds
Rappoport, Z., Apeloig, Y., Eds.; John Wiley & Sons Ltd.: New York,
1998; Vol. 2, pp 154180.

(70) Rabaa, H.; Saillard, J. Y.; Schubert, IJ.Organomet. Chenl987 330,
397-413.

250 K, whereag-CH addition is preferred at higher tempera-
tures. The kinetic parameters for intramolecular SC&hd
intermolecular SiH oxidative addition t& are as follows:
AHE aqa= —1.8+ 0.8 kcatmol ™t andAS;,, 0= —31+ 3
cakmol 1-K~%; AH;—CH—add = 16.4 £ 0.6 kcatmol™! and
AS} oy age= —13+ 6 cabmol-1-K L The relative enthalpies
of activation are particularly instructive and are interpreted in
terms of strong Sikr-complex formation— and much weaker
CH coordination— in the transition state for oxidative addition.

Experimental Section

All manipulations were performed in Schlenk-type glassware on a
dual-manifold Schlenk line or in a nitrogen-filled Vacuum Atmospheres
glovebox. NMR spectra were obtained at 200- and 500-MHz¥f)r
on Bruker AF-200 and AM-500 FT NMR spectrometers, respectively.
All NMR spectra were recorded at 303 K unless stated otherwise.
Chemical shifts are reported relative to tetramethylsilaneorisC,

J. AM. CHEM. SOC. = VOL. 125, NO. 29, 2003 8945



ARTICLES

Dioumaev et al.

and?°Si spectra, and external 85%PD; for 3P resonances3C and
3P NMR spectra were recorded with broadbahiddecoupling.?°Si

(PMes)sRuU(SiHPh),(H)2: *H NMR (CeDg) 6 —7.71 (br s, 2H, RHl),
0.82 (t,Jpn = 2.6 Hz, 18H,axial-PMes3), 1.22 (d,Jpy = 6.8 Hz, 9H,

NMR spectra were obtained using a DEPT-135 pulse sequence with equatoriatPMes), 5.84 (br s, 2H, S$i), 7.16 (t,Jun = 6.8 Hz, 4H,
1H refocusing. Infrared spectra were recorded on a Perkin-Elmer Model p-H-Ph), 7.29 (tJuy = 7.0 Hz, 8H,m-H-Ph), 8.06 (ddJun = 7.0 and
1430 spectrometer. HRMS were acquired on a AutoSpec (Micromass) 1.2 Hz, 8H,0-H-Ph);*H NMR (toluenees, 225 K) 6 —8.34 (dt,Jp =
with chemical ionization (Ch). Elemental analyses were performed 47 and 17 Hz, 1H, Rd), —7.13 (dt,Jpy = 33 and 15 Hz, 1H, Rd),
by Robertson Laboratory, Inc. (Madison, NJ). 0.74 (m, 18H,axial-PMe;), 1.15 (m, 9H,equatoriatPMes), 5.66 (dt,

Hydrocarbon solvents were dried over Na/K alloy-benzophenone. Jew = 16 and 6 Hz, 1H, $i), 6.19 (t,Jsu = 8 Hz, 1H, SH), 7.16 (t,

Benzeneds, cyclohexaned,, and methylcyclohexaner, were dried

over Na/K alloy. Trimethylsilane was prepared by the reaction of-Me

SiCl and LiAlHs in "Bu,O, and purified by trap-to-trap vacuum
fractionation. H and CO (Airco) were used as received. (BMRUH,,*?
(PMe&)sRu(SiMey)H3,*? (PMes)sRu(SiMe)H,*? PhSiH;, "t and PMg’?

Jdun = 7.5 Hz, 2H,p-H-Ph), 7.24 (tJuw = 7.5 Hz, 2H,p-H-Ph), 7.27
(t, Jun = 7.5 Hz, 4H,m-H-Ph), 7.37 (tJun = 7.5 Hz, 4H,m-H-Ph),
8.09 (d,Jun = 7.5 Hz, 4H,0-H-Ph), 8.11 (dJun = 7.5 Hz, 4H,0-H-
Ph); 3C{1H} NMR (thf-dg) 6 22.4 (dt,Jec = 3.0 and 15.0 Hzaxial-
PMe;), 25.1 (td,Jec =3 and 25 HzequatoriatPMe;), 127.5 (s,p-C-

were synthesized according to the literature procedures. Ph), 127.7 (smC-Ph), 137.2 (tJrc = 9.0 Hz,0-C-Ph), 148.5 (br s,
NMR samples were prepared in an NMR assembly consisting of an iPS0-CPh);*'P NMR (thf-dg) 6 —17.0 (t,Jpp = 34 Hz, 1P equatorial-
NMR tube and a side bulb fused to a Teflon stopcock and a ground PMes), —9.54 (d,Jep = 34 Hz, 2P axial-PMes). IR (Nujol) »(SiH) =
glass joint. Simulations of the dynamic NMR spectra were carried out 2083, 2014 cm?, v(RuH)= 1956 and 1900 cr. Elemental analysis:
using gNMR software package (v3.6 for Macintosh, Cherwell Scientific found (calculated) C 56.67 (56.79), H 7.34 (7.37).
Publishing Limited). The rates of exchange as a function of temperature  Observation of (PMes)sRu(SiHPh,)Hs. A solution of (PMe)sRu-
were determined from visual comparison of the experimental and (SiMes)Hz (21 mg, 0.05 mmol) and B8iH, (15 mg, 0.08 mmol) in
simulated spectra. The errors in the rate constants of ca. 10% wereCsDs (0.36 mL) was kept for 18 h at RT. The product ratio was
estimated on the basis of subjective judgments of the sensitivity of the estimated byH NMR to be 10% of (PMgsRu(SiHPh),(H), and 90%
fits to changes in the rate constants. The equilibrium concentrations in of (PMes)sRu(SiHPR)Hs.
the fast exchange regime were determined by fitting the experimental  (ppe;);Ru(SiHPR)Hs: ™H NMR (CeDg) 6 —9.71 (s, 3H, RHi), 1.05
chemical shifts to the weighted average of the known shifts of (ddJ = 2.4 and 2.7 Hz, 27H, Res), 6.58 (M Jpy = 2.7 Hz, 1H, SH),
components determined in the slow exchange regime. The temperature; 19 (t, s = 7.0 Hz, 2H,p-H-Ph), 7.30 (tJu = 7.0 Hz, 4H,m-H-
of the NMR probe was calibrated against methanol (estimated error ppy g 05 (dd . = 7.8 and 1.2 Hz, 4Ho-H-Ph).

0.3 K?. The ac_tlvathn parameters were calculated from the Eyring (PMes)sRuU(SiMe;CH.SiMes)Hs (4b). A hexanes solution (10 mL)
equation by using a linear least-squares procedure, and the errors were

computed from error propagation formul&s.

Synthesis of (PMg)sRu(SiHzPh),(H).. A solution of (PMeg)sRu-
(SiMes)H3 (508 mg, 1.25 mmol) and PhSiH620 mg, 5.75 mmol) in
n-pentane (3 mL) was stirred for 17 h at RT. (PMRu(SiH.Ph)(H),
precipitated as pale yellow crystals. Yield 580 mg (83%).

(PMey)sRu(SiHPh)(H),: *H NMR (CeDg) 0 —8.00 (br s, 2H, RHl),
1.06 (s, 18Haxial-PMe;), 1.13 (d,Jpy = 7.0 Hz, 9H equatoriatPMes),
5.18 (br q,Jpw = 9.0 Hz, 4H, SHy), 7.22 (t,dun = 7.0 Hz, 2H,p-H-
Ph), 7.35 (MJun = 7.0 Hz, 4H,m-H-Ph), 8.18 (dd,Jus = 6.8 and 1.0
Hz, 4H, 0-H-Ph);*H NMR (tolueness, 225 K) 6 —9.20 (dt,Jpy = 44
and 18 Hz, 1H, RH), —6.95 (dm,Jpn = 34 Hz, 1H, Rid), 1.03 (t,Jpn
= 2.6 Hz, 18H,axial-PMe;), 1.07 (d,Jpn = 7.0 Hz, 9H,equatoriat
PMes), 4.81 (br 9,Jen = 9.5 Hz, 2H, SH,), 5.57 (septJen = 5 Hz,
2H, SH,), 7.23 (t,dun = 7.0 Hz, 1H,p-H-Ph), 7.27 (tJun = 7.0 Hz,
1H, p-H-Ph), 7.35 (tJun = 7.0 Hz, 2H,m-H-Ph), 7.40 (tJu = 7.0
Hz, 2H,m-H-Ph), 8.20 (dJun = 7 Hz, 2H,0-H-Ph), 8.23 (dJuu =7
Hz, 2H,0-H-Ph); 2C{*H} NMR (thf-dg) 6 21.6 (t,Joc = 17 Hz,axial-
PMes), 24.3 (d,Jpc = 27 Hz,equatoriatPMe;), 127.6 (sp-C-Ph), 127.8
(s,m-C-Ph), 136.6 (sp-C-Ph), 146.1 (sipso-C+h);?°Si NMR (CsDe)
0 —15.8 (br s);3P NMR (GDg) 0 —15.2 (t, Jpp = 32.4 Hz, 1P,
equatorial-AMe;), —5.9 (d, Jpp = 32.4 Hz, 2P,axial-PMes). IR
(benzene)(SiH) = 2033, 2010 cm?, »(RuH) = 1953 and 1864 cn;
(Nujol) »(SiH) = 2031, 2006 cm?, »(RuH) = 1952 and 1861 cnt,
HRMS (CI) Calcd 544.1003 (Mf?Ru)-2H)", Found 544.0989, Calcd
546.1014 (M{*Ru)-2H)", Found 546.1008.

Synthesis of (PMg)sRu(SiHPhy)2(H)2. A solution of (PMeg)sRu-
(SiMes)H3 (200 mg, 0.49 mmol) and R&iH, (360 mg, 1.96 mmol) in
toluene (1 mL) was stirred for 3 days at RT. (PMRuU(SiHPh),(H).
precipitated as colorless crystals. Yield 290 mg (85%). Comp@&nd
can also be prepared by the reaction of RyRu(H)Me with excess
PhSiH, (benzene solution, 12 h reflux).

(71) Finholt, A. E.; Bond, A. C. J.; Wilzbach, K. E.; Schlesinger, HJ.|Am.
Chem. Socl1947, 69, 2692-2696.

(72) Luetkens, M. L.; Sattelberger, A. P.; Murray, H. H.; Basil, J. D.; Fackler,

J. P.Inorg. Synth.1989 26, 7.
(73) Morse, P. M.; Spencer, M. D.; Wilson, S. R.; Girolami, G8ganome-
tallics 1994 13, 1646-1655.
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of (PMe;)sRu(SiMe)H; (81 mg, 0.2 mmol) and HSIMEH,SiMes
(146 mg, 1.0 mmol) was stirredifd h at 70°C, degassed for 5 min
at —40 °C to remove HSiMg and stirred for another hour at 7C.
Volatiles were removed in vacuo to yield spectroscopically giloréen

essentially quantitative yield. Recrystallization from petroleum ether

affords analytically pure crystals. Anal. Calcd. forsB47/PsSkbRu: C,
37.72; H, 9.92. Found: C, 37.77; H, 10.4H NMR (Cg¢Ds) 0 1.14
(m, 27H, MVe3), 0.92 (s, 6H, ey), 0.58 (s, 2H, Ely), 0.38 (s, 9H,
SiMes), —10.15 (br m, 3H, RHi3); *H{3P} NMR (C¢D¢) 6 —10.15 (s,
3H, Jusi = 25 Hz, RiHg); *H NMR (CeD12) 0 1.34 (m, 27H, Me3),
0.40 (s, 6H, S¥ey), 0.16 (s, 2H, Elz), 0.02 (s, 9H, SVes), —10.27
(br m, 3H, RiHz); BC{*H} NMR (CsDe) 0 26.6 (m, Mes), 22.3 (d,
8Jpc = 2.7 Hz,CHy), 20.2 (d,3Jec = 3.5 Hz, SMey), 2.7 (s,Jsic =
50.4 Hz, SMe3); 2°Si NMR (CsDg) 0 —0.9 (s,SiMes), —9.2 (g,2Jpsi =
7.7 Hz, SiMey); 31P{*H} NMR (CsDg) 6 —5.3 (s,PMe3). IR (Nujol):
v(RuH) = 1898 cn*. IR (benzene):»(RuH) = 1893 cn™.
Synthesis ofmer{PMes)3(CO)Ru(SiH.Ph),. A solution of (PMeg)s-
Ru(SiHPh)(H), (60 mg, 0.11 mmol) in benzene (2 mL) was stirred

for 17 h at RT under 1 atm of CO. The volatiles were removed under

vacuum, and the residue was recrystallized fron©OBD yield 40 mg
(64%) of colorlessmer{PMe3)3(CO)Ru(SiHPh).
mer{PMey)3(CO)Ru(SiHPh): *H NMR (CsDg) 6 1.09 (d,Jpn =
6.2 Hz, 9H, Me;3), 1.10 (t,Jpn = 3.1 Hz, 18H, mutualljtransPMe;),
4.51 (dt,Jpy = 7.0 and 14.0 Hz, 2H, &), 4.83 (dt,Jpy = 6.2 and
11.0 Hz, 2H, SHp), 7.22 (t,Iun = 6.2 Hz, 4H,m-H-Ph), 7.34 (tJun
= 7.3 Hz, 2H,p-H-Ph), 7.98 (ddJun = 7.2 and 1.4 Hz, 2Ho-H-Ph)
and 8.23 (ddJun = 7.0 and 1.4 Hz, 2Ho-H-Ph); 33C{*H} NMR (thf-
ds) 0 21.56 (dt,Jr.c = 4 and 16 Hz, mutuallyransPMes), 22.49 (td,
Jrc = 2 and 23 Hz, Rle;), 127.20 (s,p-C-Ph), 127.22 (sp-C-Ph),
127.46 (ssm-C-Ph), 127.56 (sm-C-Ph), 137.13 (sp-C-Ph), 145.89
(d, Jpc = 2 Hz, ipso-CPh), 146.55 (dJpc = 2 Hz, ipso-GPh) and
204.95 (dt,Jpc = 9 and 14 Hz,CO); 2°Si NMR (thf-ds) 6 —20.1 (q,
Jsip = 22.1 Hz,Sitrans to CO);~11.9 (dt,Jsip = 84.3 and 13.3 HZSi
trans to P)2P NMR (thf-ds) 6 —23.45 (t,Jpp = 28 Hz, 1P,PMey),
—13.73 (d,Jpp = 28 Hz, 2P, mutualljtrans-PMes); 3P NMR (CGsDs)
0 —22.2 (t,Jpp = 27 Hz, 1P,PMe3), —12.5 (d, Jep = 27 Hz, 2P,
mutually trans-FMes). IR (film casted from solution in THFy(SiH)
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= 2022, 2005 cm?, »(CO)= 1915 cn?, HRMS (CI) Calcd 571.0874
(M—H)*, Found 571.0835.

Reaction of (PMe)sRu(SiH2Ph),(H). with CO. An NMR sample
of (PMey)sRu(SitPh)(H)2 (6 mg, 0.011 mmol) in €Ds (0.4 mL)
was flame sealed under 1 atm of CO. After 3 days at RT the
product ratio was estimated byH NMR to be 15% of mer-
(PMe3)3(CO)Ru(SiHPh)H, 65% ofmer{PMes)s(CO)Ru(SiHPh), and
20% of (PMe)z(CORRu(SiHPh). After 11 days at RT the product
ratio changed to 15:35:50%, respectively.

(PMe&3)2(CORRU(SiHPh): *H NMR (CeDg) ¢ 1.08 (t,Jpr = 3.6
Hz, 18H, mutuallytransPMe;), 4.58 (t,Jpn = 9.3 Hz, 4H, SH,), 7.3
(m, 6H,m-andp-H-Ph), 7.89 (ddJun = 7.8 and 1.4 Hz, 4Hp-H-Ph);
BC{H} NMR (thf-dg) 6 19.9 (t,Jec = 17.5 Hz, mutuallytransPMey),
128.05 and 128.9 (@- andm-C-Ph), 136.2 (sp-C-Ph), 144.0 (tJec
= 1.6 Hz,ipso-GPh) and 201.1 (Joc = 13 Hz,CO); 2°Si NMR (thf-
dg) 6 —16.0 (t,Jsip = 20.2 Hz, 2SiSitrans to CO)?°Si NMR (CsDg)
0 —15.4 (t,Jsip = 20.0 Hz, 2SiSitrans to CO)3P NMR (thf-ds) 0
—16.5 (s, 2P, mutuallyrans-PMes); 31P NMR (GsDg) 0 —15.4 (s, 2P,
mutually trans-PMe3);.

mer{PMe)3(CO)Ru(SiHPh)H: IH NMR (CsDs) 6 —8.72 (dt,Jpn
= 68 and 27 Hz, 1H, RuH), 0.87 (dpx = 8.0 Hz, 9H, Me3), 1.20 (t,
Jpn = 2.8 Hz, 18H, mutuallyransPMes), 4.86 (M,Jpy = 7.6 Hz, 2H,
SiHy), 7.2=7.3 (m, 3H,m- and p-H-Ph), 8.30 (dJuns = 7.8 Hz, 2H,
0-H-Ph); 3C{*H} NMR (thf-dg) & 20.95 (dt,Jpc = 4 and 16 Hz,
mutually transPMes), 22.9 (td,Jec = 3 and 22 Hz, Me3), 128.9 and
130.7 (s,m- and p-C-Ph), 136.4 (sp-C-Ph), 145.8 (m,pso-C+Ph),
202.6 (m,CO).

Reaction of (PMe)sRu(SiHPhy)»(H). with CO. An NMR sample
of (PMe&;)sRu(SiHPh)2(H)2 (6 mg, 0.01 mmol) in €Dg (0.5 mL) was
flame sealed under 1 atm of CO. After 10 min at RT the product ratio
was estimated bjH NMR to be 80% ofmer{PMe;)3(CO)Ru(SiHPh)H
(trans CO, Si), 14% dfac{PMe;)3(CO)Ru(SiHPR)H and 6% ofmer-
(PMe&3)3(CO)Ru(SIHPR)H (trans CO, H). Afte 1 h at RT theproduct

18H, mutuallytransPMes), 5.71 (tt,Jpn = 13.8 and 4.4 Hz, 1H, §i),
7.19 (t,dun = 7.0 Hz, 2H,p-H-Ph), 7.31 (tJun = 7.0 Hz, 4H,m-H-
Ph), 8.12 (dJun = 6.8 Hz, 4H,0-H-Ph).

Synthesis of (PMg)sRu(SiMe,CH,CH;SiMe,)(H).. A solution of
(PMe3)4Ru(H)SiMe; (398 mg, 0.83 mmol) and HSIMEH,CH,SiMeH
(146 mg, 1.0 mmol) in toluene (5 mL) was stirred for 10 min at RT,
cooled to—25 °C, and the volatiles were slowly removed in vacuo.
The residue was recrystallized from a mixturengientane and toluene
(3:1) to furnish a colorless crystalline (PgRu(SiMeCH,CH,;SiMey)-
(H)2. Yield 340 mg (85%).

(PMey)sRu(SiMeCH,CH;SiMey)(H)2: *H NMR (tolueneds) o
—10.37 (s, 2H, RH), 0.53 (s, 12H, Siley), 1.00 (s, 4H, i), 1.15 (t,
Jprn = 2.3 Hz, 27H, MMes); H{%'P} NMR (tolueneds) 6 —10.37 (s,
2H, Jusi = 16 Hz, RWiH); (methylcyclohexanehs, 150 K) —10.53 (s,
2H, RWH), 0.07 (s, 12H, 9iley), 0.38 (br s, 4H, El,), 1.16 (br s, 27H,
PMe3); 13C NMR (tolueneds) 6 12.63 (qq,Jpc = 3.4 and 116.6 Hz,
SiMey), 21.71 (qg.Jec = 2.6 and 119.2 HzCH,), 26.36 (mq,Jec =
128.1 Hz, Mes); 2°Si NMR (tolueneds) 6 —19.29 (q,Jpsi= 13.4 Hz,
SiMey); 3'P NMR (toluenedg) 6 —13.29 (sPMes); (methylcyclohexane-
dh4, 180 K) —11.49 (sPMey). IR (Nujol) v(Ru-+-H++-Si) = 1740 cn?,
v(RuH) = 1940 cn’. Elemental analysis: Found (Calculated) C 36.57
(37.87), H9.25 (9.53), HRMS (CI) Calcd 476.1316 (f#4Ru))", Found
476.1265; Calcd 478.1334 (M(Ru))", Found 478.1292.

Reaction of (PMe)sRu(SiMe,CH,CH;SiMe,)(H), with CO. An
NMR sample of (PMgs;Ru(SiMeCH,CH,SiMe,)(H), (10 mg, 0.02
mmol) in GDs (0.5 mL) was flame sealed under 1 atm of CO. After
10 min at RT, the only product imer{PMes)3;(CO)Ru(SiMeCH,CH,-
SiMe;H)H (10%). After 24 h at RT, the product ratio is 96%
fac{PMey)3(CO)Ru(SiMeCH,CH,SiMe;H)H and 4%mer{PMe)3(CO)-
Ru(SiMeCH,CH,SiMe;H)H.

mer{PMe)3(CO)Ru(SiMeCH,CH,SiMe;H)H: H NMR (CgDs) &
—9.05 (dt,Jpw = 72 and 29 Hz, 1H, Rd), 0.21 (d,Jun = 3.5 Hz, 6H,
SiMeH), 0.42 (s, 6H, ey), 1.12 (d,Jpn = 6 Hz, 9H, MMe;), 1.28 (t,

ratio changed to 40:50:10%, respectively. IR bands of the three isomersJpy = 3.0 Hz, 18H, mutuallyiransPMes), 4.32 (m, 9 linesJuy = 3.5

are not resolved: (Ds) v(SiH) = 2010 cm?, »(CO) = 1920 cm'™.
The following spectral data were determined from the mixture of
isomers:

mer{PMe;)3(CO)Ru(SiIHPR)H (trans CO, Si):*H NMR (CsDs) 0
—8.66 (dt,Jpn = 71.9 and 25.6 Hz, 1H, RuH), 1.09 (& = 5.9 Hz,
9H, PMes), 1.12 (t,Jpn = 3.4 Hz, 18H, mutuallyransPMes), 5.41 (q,
Jow = 10.5 Hz, 1H, SH), 7.25 (t,Jun = 7.4 Hz, 4H,m-H-Ph), 7.32
(quintet,Junw = 7.4 Hz, 2Hp-H-Ph), 8.00 (ddJuy = 2.0 and 7.9 Hz,
4H, 0-H-Ph); 3P NMR (GDg) 6 —19.0 (m, 1PPMes), —7.56 (d,Jpp
= 23.3 Hz, 2P, mutuallyrans-PMies).

fac{PMe;)3(CO)RuU(SiHPR)H: *H NMR (CgDs) 6 —8.80 (ddd Jpn
=66.3, 28.4 and 22.1 Hz, 1H, RuH), 0.97 §gy= 5.9 Hz, 9H, Mey),
1.01 (d,Jpn = 6.9 Hz, 9H, Me3), 1.10 (d,Jpn = 6.9 Hz, 9H, MMe3),
5.53 (ddd,Jpy = 5.3, 6.3 and 16.9 Hz, 1H, B), 7.25-7.35 (m, 6H,
p- and mH-Ph), 8.09 (ddJus = 2.0 and 7.9 Hz, 2Hp-H-Ph), 8.38
(dd, Juy = 2.0 and 7.9 Hz, 2Hp-H-Ph); 3P NMR (GD¢) 6 —19.6
(dd, Jep = 21.5 and 37.0 Hz, 1BRMe;3), —18.6 (m, 1IPPMes), —13.2
(t, Jop= 21.5 and 37.0 Hz, 1Mey).

mer{PMe;)3(CO)Ru(SIHPB)H (trans CO, H): *H NMR (C¢D¢) 0
—7.93 (ddt i = 5.2 Hz,Jp = 17.9 and 29.8 Hz, 1H, RuH), 1.07 (t,
Jen = 3.0 Hz, 18H, mutuallyransPMes), 1.09 (d,Jpny = 7.5 Hz, 9H,
PMe;), 5.75 (ddt,Juny = 5.6 Hz,Jpy = 5.6 and 16.2 Hz, 1H, §i),
7.2—7.3 (m, 6H,p- and mH-Ph), 8.14 (dJun = 7.4 Hz, 4H,0-H-Ph);
3P NMR (GsDg) 6 —2.1 (d,Jep= 30.5 Hz, 2P, mutuallyrans-PVies),
—14.8 (t,Jpp= 30.5 Hz, 1PPMe3), HRMS (CI) Calcd 541.0948 (M
H)*, Found 541.0947.

Reaction of (PMe)sRu(SiHPhy),(H), with PMes. (PMes)sRu-
(SIHPh)2(H)2 (7 mg, 0.01 mmol) was mixed with PM¢0.23 mmol)
in CeDs (0.4 mL) and kept for 15 min at RT. AH NMR spectrum
showed a 100% conversion to (PYRU(SIHPR)H.

(PM&)sRu(SiHPhR)H: *H NMR (Ce¢Dg) 0 —10.52 (m, 1H, RuH),
1.13 (d,Jp = 5.4 Hz, 18H, mutuallycis-PMes), 1.19 (t,Jp = 2.6 Hz,

Hz, 1H, SiMeH). NB: The CH resonances could not be reliably
assigned. IR (petroleum etherCO) = 1925 cnr?.

fac{PMe;)3(CO)Ru(SiMeCH,CH,SiMe;H)H: *H NMR (CgDg) 6
—9.11 (dddJpy = 67.1, 29.7 and 21.8 Hz, 1H, R, 0.22 (d,Jun =
3.5 Hz, 6H, SMe;H), 0.62 (d,Jpy = 1.7 Hz, 3H, SMey), 0.66 (d,JpH
=1 Hz, 2H, H,), 0.72 (d,Jp = 1.7 Hz, 3H, SMey), 0.78 (s, 2H,
CHy), 1.07 (d,Jp = 7.0 Hz, 9H, Me3), 1.10 (d,Jpn = 6.1 Hz, 9H,
PMes), 1.11 (d,Jpn = 6.1 Hz, 9H, MMe3), 4.36 (m, 9 linesJyn = 3.2
Hz, 1H, SiMeH); 3P NMR (GDg) 6 —22.7 (dd,Jpy = 21.5 and 36.8
Hz, 1P,PMes), —16.4 (m, 1P PMe3), —11.9 (t,Jpn = 36.3 Hz, 1P,
PMes), IR (petroleum ethery(CO) = 1940 cnt™.

Generation of (PMe3)sRu(SiMes)2(H), at Low Temperature. Solid
[(PMes)sRu(H)(SiMes)2]N 2 (8 mg, 0.01 mmol) was loaded in an NMR
tube assembly. Methylcyclohexader(0.5 mL) was vacuum transferred
into the tube. The sample was thawed out and kept & @or 30 s
and at—10°C for 5 min. It was then frozen and degassed. The freeze
pump-thaw cycle was repeated 4 times to remove most of ligated N
from [(PMe;)sRu(H)(SiMes)2]JN> complex. HSiMg was vacuum trans-
ferred into the tube (32.4 mL of vapor at 21 mmHg, 0.04 mmol) and
the sample was flame sealed. It was thawed ott#8 °C and inserted
in the pre-cooled{125°C) NMR probe.

(PMes)sRu(SiMes)(H)2: *H NMR (methylcyclohexanehs, 148 K)

0 —9.56 (br m, 1H, RHl), —7.48 (br m, 1H, RHl), 0.18 (br s, 9H,
Si(CHs)s), 0.32 (br s, 9H, Si(€l3)s), 1.35 (br s, 27H, Mey); 3P NMR

(methylcyclohexanehs, 148 K)d —13.7 (t,Jpn = 37.5 Hz, 1PPMey),

—2.7 (d,Jpny = 37.5 Hz, 2P, mutuallyrans-PMes).

Reaction of (PMe)sRu(SiMes)>(H), with CO. An NMR sample
of (PMe&;)sRu(SiMe)(H). in tolueneds was prepared as described
above. The mixture was stirredrf@ h at—78 °C. CO (7 equiv) were
added, and the sample was flame sealed. It was thawed ettgtC
and inserted in the pre-cooleet {00°C) NMR probe. The only product
at this temperature ismer{CO)(PMe)s;Ru(H)(SiMe), which subse-
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qguently isomerizes to the facial isomer upon warming to room
temperature. Both compounds were identified by tAEINMR, 3P
NMR and IR spectra, as reported previouSly.

Single-Crystal X-ray Diffraction Analyses. X-ray intensity data
were collected on a Rigaku R-AXIS llc area detector employing
graphite-monochromated Mookradiation § = 0.710 69 A). Oscillation
images were processed using biofé)Xroducing a listing of unaveraged
F? and o(F?) values which were then passed to the teX3anogram
package for further processing and structure solution on a Silicon
Graphics Indigo R4000 computer.

For (PMe)sRu(SiHPh)(H). indexing was performed from a series
of four 1° oscillations with exposures of 20 s per frame. A hemisphere
of data was collected using® ®scillations with exposures of 20 s
per frame. A total of 20088 reflections were measured over the
ranges: 4< 20 < 54°,0<h<22,-20=<k=<20,-12<1 < 12.

The intensity data were corrected for Lorentz and polarization effects
and an empirical absorption correction was applfedf the reflections
measured, a total of 2553 unique reflections wWith> 30(F?) were

9379 A total of 371 parameters were refined, using all unique reflections.
Reflections withF?'s that were experimentally negative were set to
zero. The weighting scheme used was= 1/[0?(Fs?) + 0.0570°? +
11.100P] whereP = (F,? + 2F?)/3. Non-hydrogen atoms were refined
anisotropically and hydrogen atoms were refined isotropically. The
maximumA/o in the final cycle of least squares wa$.002 and the
two most prominent peaks in the final difference Fourier wee660
and—0.694 e/R.

For (PMe)sRu(SiMeCH,SiMe;)H; indexing was performed from
a series of 1 oscillation images with exposures of 50 s per frame. A
hemisphere of data was collected usiny dscillation angles with
exposures of 150 s per frame and a crystal-to-detector distance of
82 mm. A total of 27 198 reflections were measured over the ranges
512<20 <5496, -18<h=<18,-24<k=<24,-12=<1=<12
yielding 5960 unique reflectionsRf: = 0.0297). The intensity data
were corrected for Lorentz and polarization effects and for absorption
using REQAB4° (minimum and maximum transmission 0.781, 1.009).
The structure was solved by direct methods (SIRORefinement was

used during subsequent structure refinement (244 parameters refined.py full-matrix least squares based BAusing SHELXL-937° A total

The structure was solved by direct methods (SIRB&efinement was
by full-matrix least squares techniques basedFoto minimize the
quantity Y w(|Fo| — |Fc|)? with w = 1/0?(F). Non-hydrogen atoms were

refined anisotropically and hydrogen atoms were included as constantwhere P

of 379 parameters were refined, using all unique reflections. Reflections
with F?s that were experimentally negative were set to zero. The
weighting scheme used was= 1/[0*(F?) + 0.0678?2 + 1.599P]

(Fo?> + 2FA/3. Non-hydrogen atoms were refined

contributions to the structure factors and were not refined (hydrogens anisotropically and hydrogen atoms were refined isotropically. The

on Ru and Si could not be reliably located). The maximaifa in the

maximumA/o in the final cycle of least squares was 0.015 and the

final cycle of least squares was 0.077 and the two most prominent peakstwo most prominent peaks in the final difference Fourier wefe783

in the final difference Fourier wer¢-0.50 and—0.49 e/&.

For (PMe)sRu(SiMe&CH,CH,SiMe;)(H). indexing was performed
from a series of 1oscillation images with exposures of 200 s per frame.
A hemisphere of data was collected usirfgdscillation angles with

and —0.649 e/R.
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mm. A total of 23 361 reflections were measured over the ranges 5.04

<20 <5496, -46<h=<46,—-12< k=< 12,—-20=< | < 20 yielding
5604 unique reflectionsR, = 0.0337). The intensity data were
corrected for Lorentz and polarization effects but not for absorption.
The structure was solved by Patterson methods (DIRDIF9Rgfine-
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