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Abstract: A series of [GMesRh(CH=CHR),] complexes {a—e) have been prepared in which the olefin
bears a bulky silyl substituent, R (a) SiMes, (b) SiMe;OEt, () Si(OPr), (d) SiMe(0OSiMe),, (€) SiPhO'-

Pr. The solid-state structure &€ has been determined by X-ray crystallography. When compéag heated

(50 °C) in deuterated solvents ¢{Bs, CsDsCD3, CsDsCl, or (CD3),CO), deuterium is incorporated into the
olefinic sites. Thermolysis at higher temperatures results in further H/D exchange and deuteration of both the
SiMe; and GMes groups. Heatindla in CgDg with added substrates (aniline, M&D, MeOSiMe, Cp;Fe,
cyclopentene, or EtOAC) results in deuteration of these substrates via shuttling of deuteriumfroto e
olefinic sites and then into certain sites of the substrates. Thermolykisothe presence of vinyltrimethylsilane

at higher temperatures results in-6i bond cleavage and generation of a silacyclopentadiene confylex (
whose structure was determined by X-ray analysis. Thermolysis of CgDg results in facile H/D exchange

and incorporation of deuterium not only into the vinylic positions but also into the methine and methyl groups
of the isopropyl substituents. At S€ in the presence of CG#CHSIi(OPr); a catalytic transfer hydrogenation

is observed which converts the vinylsilane to the silyl enolatéPENL,SIOCMe=CH,. A series of catalytic
transfer hydrogenations were carried out in which alkoxysilanes<€tHHSiMe,OR (R = Et, n-Bu, CHMekEt,
C:H4Bu, GH4Ph, CHMePh, CHMeCHPh) were converted to the corresponding silyl enolates. Catalytic
conversion of the vinylaminosilane GHCHSiIMeNHC;H4Ph to the silyl enamine EtSIMBHC,H,Ph is

also reported.

Introduction An example that illustrates a functionalization process is the

- . | mediated bond activati bined transfer hydrogenation reaction. Early reports have focused
ransition metal mediated€H bond activation combined a0y on Jate metals which will activate hydrocarbons to

W|th thel functlo.nalllzatlon of the activated s.u.bstrate has been generate, aftef-hydride elimination from the activated sub-
topic of increasing interest in recent ye&fdnitial efforts were strate, an unsaturated product, in general an oféf#. The
dlredc_ted dtgward the actual ;;' Tion? actlvafmon reaction 4 itional approach utilizes a sacrificial hydrogen acceptor,
mediated Dy a transition metal” The focus of many recent usually a hindered olefin, to drive the catalytic process. Only
studies has moved toward the application of these findings in ecently have examples been reported that allow direct dehy-

catalytic proces_ses._SeveraI systems have been des_cribed whic rogenation of alkanes to generate an olefin and dihydrogen:
generate functionalized products based on catalytic carbon

heteroatom or carbercarbon bond-forming processes?# (13) Jones, W. D.; Foster, G. P.; Putinas, JJVMAm. Chem. Sod987,
109, 5047.
T Dedicated to Joseph L. Templeton on occasion of his 50th birthday.  (14) Jones, W. D.; Kosar, W. B. Am. Chem. S0d.986 108 5640.
* Contact this author for further details regarding the X-ray analyses. (15) Crabtree, R. H.; Burk, M. J.; Parnell, C. P.; Uriarte, R. J.
(1) Shul’pin, G. B.; Shilov, A. EChem. Re. 1997, 97, 2879-2932. Organometallics1984 3, 816.
(2) (a) Jones, W. D. IrSelectie Hydrocarbon Actiation Principles (16) Crabtree, R. H.; Burk, M. J.; McGrath, D. ¥. Chem. Soc., Chem.
and ProgressDavies, J. A., Watson, P. L., Greenberg, A., Liebman, J. F., Commun.1985 1829.
Eds.; VCH Publishers: New York, 1990; p 113. (b) Ryabov, Adbem. (17) Crabtree, R. H.; Burk, M. J. Am. Chem. Sod.987 109 8025.
Rev. 1990 90, 403. (18) Felkin, H.; Fillebeen-Khan, T.; Holmes-Smith, R.; Lin, Yetra-
(3) Janowicz, A. H.; Bergman, R. G@. Am. Chem. S0d.982 104, 352. hedron Lett.1985 26, 1999.
(4) Bergman, R. GSciencel983 223 902. (19) Goldman, A. S.; Maguire, J. A. Am. Chem. S04991, 113 6706.
(5) Graham, W. A. G.; McMaster, A. D.; Hoyano, J. K. Am. Chem. (20) Goldman, A. S.; Maguire, J. A.; Petrillo, A. Am. Chem. S0992
Soc.1983 105 7190. 114, 9492.
(6) Jones, W. D.; Feher, F. @rganometallics1983 2, 562. (21) Masters, C.; Kiffen, A. A.; Visser, J. B. Am. Chem. Sod.976
(7) Bercaw, J. E.; Labinger, J. A.; Stahl,Agew. Chem., Int. Ed. Engl. 98, 1355.
1998 37, 2180. (22) Saito, Y.; Nomura, KJ. Chem. Soc., Chem. Commu®88 161.
(8) Murai, S.; Kakiuchi, F.; Sekine, Y.; Tanaka, A.; Kamatani, M.; (23) Felfuldi, K.; Kapocsi, I.; Bartok, MJ. Organomet. Cheni984
Sonoda, M.; Chatani, NNature 1993 529. 277, 443.
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the most elementary hydrocarbon functionalization pro¢ess. of olefin and the participation of the second 1 equiv of olefin
Productivity and selectivity of these catalysts have been ininsertion reactions are expected to be reversible. In this work
generally moderate, but recently promising improvements havewe have investigated the reactivity of labile rhodium bis-olefin
been made. Application of catalytic transfer hydrogenation for complexes in bond activation and functionalization reactions.
preparation of functionalized olefins of utility in organic We report here a variety of H/D exchange reactions toward a

synthesis has received only limited attention.

We have recently investigated~E1 bond activations by the
first-row metal cobalt and reported the use oij&sCo(CGHs-
SiMes),] as a catalyst for H/D exchange in aromatic solvents
and for hydroacylation of olefin® 34 The key to the increased
reactivity of this complex is the bulky trimethylvinylsilane which
is lost in a dissociative first step to generate the reactive 16-
electron fragment [EMesCo(GH3SiMe;)] capable of CG-H
bond activations. In this contribution we have applied this

strategy to analogous rhodium complexes and have prepared

series of substrates and catalytic transfer hydrogenation of vinyl
alkoxysilanes to generate vinyl silyl ethers using complexes of

the type [GMesRh(GH3R),] as catalysts.

Results and Discussion

A. Synthesis of Rhodium(l) Olefin ComplexesA general
route into rhodium olefin complexes of the typesMesRh-
(olefin),] was developed and involves the reduction of the
chloro-bridged dimer [eMesRhChL], with zinc powder in
etrahydrofuran in the presence of an excess of the desired

rhodium(l) bis-olefin complexes in which the olefin bears bulky - g|efin 36 A series of new rhodium bis-olefin complexeiaé-e)
substituents which increases the rate of ligand dissociation andyas accessible using this pathway. Extraction into pentane and

thus finds application in bond activation catalysis. As early as
1974 it was shown that the parent rhodium complexH§Rh-
(CoHa)2] heated in benzends will activate the solvent to
reversibly exchange deuterium for hydrogen in the coordinated
olefin following a reversible olefin insertiendeinsertion se-
guence® A mechanism for this exchange process is shown in
Scheme 1 and is supported by our investigations with cobalt
and earlier work regarding the rhodium bis-ethylene complexes.
The first step, which in part controls the rate of the exchange
reaction, is the dissociation of olefin which generates the reactive
16-electron fragment for subsequent bond activation chemistry.

Scheme 1.Reversible G-H Bond Activation of Benzenéls
with [CsRsM(C,H4)2] (M = Co, Rh) and H/D Exchange
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The low reactivity found in this system stands in clear contrast
to the high reactivity of the 16-electron fragmentsRsRh(L)]
in bond activation reactions. The dissociative loss of 1 equiv

(27) Jensen, C. M.; Kaska, W. C.; Flesher, R. J.; Hagen, C.; Gupta, M.
Chem. Commuril996 2083.

(28) Goldman, A. S.; Krogh-Jespersen, K.; Kaska, W. C.; Jensen, C.
M.; Gupta, M.; Rosini, G.; Xu, W.-WChem. Commuril997.

(29) Jensen, C. M.; Kaska, W. C.; Cramer, R. E.; Hagen, C.; Gupta, M.
J. Am. Chem. S0d.997, 119, 840.

(30) Jensen, C. M.; Kaska, W. C.; Gupta, hem. Communl997,
461.

(31) Leitner, W.; Six, CChem. Ber1997 130, 555.

(32) Lenges, C. P.; Brookhart, M. Am. Chem. S0d.997, 119, 3165.

(33) Lenges, C. P.; Brookhart, M.; Grant, B. . Organomet. Chem.
1997 528 199.

(34) Lenges, C. P.; White, P. S.; Brookhart, MAm. Chem. So4998
120, 6965.

(35) Seiwell, L.J. Am. Chem. S0d.974 96, 7134.

removal of the solvent allows the isolation of the bis-olefin
complexes as yellow-orange crystalline materials or oils which
are pure by NMR and elemental analysis (eq 2).

= M
M Cl_ f’ Zn, thf §
[s] ,
5@—1?( Rh—@ p{h\
o e Mes R N /R
(2)
1a: R=-SiMes R 1ae
1b: R =-SiMe,OFEt
1c: R=-SiOPr)s
1d: R =-SiMe(OSiMeg);
1e: R=-SiPh,OPr

The coordination of two monosubstituted olefins to the-[C
MesRh] fragment frequently results in the formation of a mixture
of isomers in which the substituent can either face toward or
away from the Cp* ligand as well as being disposed on the
same or opposite side as the substituent on the second
olefin37-3° The NMR analysis of the new rhodium olefin
complexes shows that the solids or oils obtained from the
pentane filtrates consist of a mixture of isomers with one major
isomer accounting for at least 75%d) and up to 98%1a) of
the olefin complexes present. The oil initially obtained in the
synthesis ofla (which likely contains a mixture of isomers)
solidifies during the coursefd h atroom temperature to yield
an orange-yellow solid. It was also possible to recrystallize
complexeslac from acetone at-78 °C to obtain yellow
crystalline materials which contained the rhodium bis-olefin
complex as a single isomer by NMR analysis.

The configuration drawn in eq 2 for the rhodium bis-olefin
complexes is based on the structurally characterized cobalt
analogue ofla3* and is expected to be the one most favored.
NMR data are consistent with this assumption with a single
Cp* resonance at 1.68 ppm and a single SMesonance
accounting for two SiMggroups at 0.05 ppm along with olefinic

(36) The synthesis of [§MesRh(CO})] by zinc reduction in methanol
has been reported with moderate yields. Maitlis, P. M.; Kang, JJW.
Organomet. Cheml97Q 26, 393.

(37) The coordination of vinyltrimethylsilane to a rhodium acetylaceto-
nato system has been reported. Fitch, J. W.; Osterlih, W. Organomet.
Chem.1981, 213 493.

(38) Perutz and co-workers have investigated the photochemical synthesis
of [CsHsRh(olefiny] complexes including the bis(vinyltrimethylsilane)
complex. The formation of two isomers is observed in contrasatavhich
shows essentially one isomer. Perutz, R. N.; Haddleton, D. M.; Duckett, S.
B.; Belt, S. T.Organometallics1989 8, 748.

(39) Mueller, J.; Hirsch, C.; Qiao, K.; Ha, KZ. Anorg. Allg. Chem.
1996 622 1441.
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Scheme 2.[CsMesM] Bis-olefin Complexes (E= —CO;Me)
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substituent is further removed from rhodium, the-&h—C4
angle (93.8) is considerably smaller than the-®&h—C1 angle
(109.1). The solid-state structure confirms the observed NMR
characteristics forlc, in which the coordinated olefins are
inequivalent, as opposed 1@ (or the structurally characterized
cobalt analogue ofLa), in which a localC, symmetry is

! observed.

Figure 1. ORTEP view of [MesRh(C:HsSi(OPr)),] (10). All atoms In other structurally characterized rhodium bis-olefin com-
are drawn at 50% probability ellipsoids. Selected bond distances (A) plexes,C, symmetry has also been observed. In the methyl-
and angles (deg): RhC(1) 2.135(4), RrC(2) 2.167(4), RR-C(3) acrylate complex*® and the propene compléX! (Scheme 2),
2.138(4), RR-C(4) 2.172(4), Si(2rC(4) 1.823(4), Si(13-C(2) 1.841- the influence of the substituent is less severe and orientation
(4), C(1)-C(2) 1.412(6), C(3yC(4) 1.422(6), C(L)Rh—C(2) 38.31- toward the Cp* ligand is observed. It is interesting to note that
(15), C(1)-Rh—C(3) 109.16(16), C(1yRh—C(4) 93.84(15), C(2} both3 and4 in solution show a rapid isomerization to a mixture
Rh—C(3) 86.84(15), C(2yRh~C(4) 95.47, C(3}Rh—C(4) 38.53(15), of three rotational isomers. With an increase in size of the olefin
RI—C(4)-C(3) 69.43(21), Si(2)C(4)~C(3) 125.2(3), RF-C(1)~C(2) substituent to trimethylsilyl, the olefins are oriented as in

72.07(23), RR-C(2)—Si(1) 122.08(20), RRC(2)—-C(1) 69.61(22), Si- .
(1)7C((2))7C(1) fZ)G.G(g),)RHC(g)SC)@) 72_85)(23)(, LHC(4)(fS)i(2)I complex2, facing away both from each other and from the Cp*

128.06(21). ligand. The solutiodH NMR spectrum shows a single isomer
consistent with the simpl€, symmetry.
resonances at 2.11 (ddd, 2H) and 1.15 (m, 4H) ppm. f@e The rhodium complexa, analogous t@®, also shows two

NMR spectrum shows only five resonances accounting for the equivalent olefinic ligands by NMR spectroscopy. On the other
Cp* unit and two equivalent coordinated olefins. Using the same hand, in complexd.c, the steric bulk of the silyl substituent does
procedure, complexb was isolated as a yellow-brown oil.  not allow the coordination of the two olefins to generate a
NMR analysis also showed one dominant rhodium species structure with higher symmetry. The planes generated by the
(>98%), but signs for further reactivity were observed (vide olefinic carbons and the silicon atom of each olefin are nearly
infra). In complexic a significant difference in the coordination  perpendicular to each other irt, [CsMesRh(GH3Si(OPr)),]

of the two bulky olefins to the rhodium center is observed. (Figure 1). This arrangement is consistent with the observed
Again, an orange oil oflc was isolated after reduction and increased rate of ligand dissociation in this new bis-olefin
pentane extraction; crystalline material in this case was obtainedcomplex, allowing easier access to the reactive 16-electron

only after cooling an acetone solution b to —78 °C. NMR fragment (see below).
analysis of this material showed a single rhodium species with  B. H/D Isotope Scrambling in 1a by Reversible G-H Bond
a Cp* 'H resonance at 1.72 ppm. In the region of 1022 Activation. The reactivity of the new rhodium olefin complexes

ppm the isopropyl methyl groups are observed as an overlappingin bond activation reactions is illustrated in a reaction with
series of doublets integrating for 36 protons (see Figure 3 in benzeneds. After 3 days at 20°C the olefin resonances for
the Supporting Information). Two separate septet resonancescoordinated vinyltrimethylsilane dfaare decreased in intensity
are observed at 4.22 and at 4.32 ppm which integrate togetheralong with the partial disappearance of coupling due to
for the six methine protons of the two coordinated triisopro- deuterium incorporation. Correspondingly, the integration of the
poxyvinylsilane ligands. Most interesting are six different residual 'H solvent resonance (benzeds-is increased in
resonances integrating each for one proton which are assignedntensity. The resonance of thehydrogen atoms integrates at
as the olefinic protons of two inequivalent ligands at 3.23, 2.11, this stage for 55% of its original value whereas fhkydrogen
2.01,1.88 (dd, 18, 15 Hz), 0.66, and 0.48 (dd, 18, 15 Hz) ppm. atoms still show 75% of the initial integrated intensity. No other
The lack of symmetry in this bis-olefin complex is also resonances are changed under these conditions. This reaction
confirmed by'3C NMR analysis. Four doublets for the olefinic  of 1a was investigated in more detail at 78 in benzeneds.
carbons are observed as well as resonances for inequivalentH NMR analysis confirms faster H/D exchange processes; after
isopropyl groups and one Cp* unit. After recrystallization from only 9 min the integral of the resonance for thehydrogen
acetone it was possible to determine the structutebly X-ray has been reduced by 80% due to deuteration whereas the
crystallography (Figure 1).The structural analysis confirms the integration for the3-hydrogen signals is reduced by 50%. After
coordination of 2 equiv of triisopropoxyvinylsilane ligands to 17 min, the resonance for tlehydrogen has disappeared and
the Rh(l) center. The bulky substituent on the olefins clearly the resonances for th&hydrogens are reduced by 75%. The
dominates the structure which results in the observed orientation3C NMR spectrum at this stage confirms exchange and shows
of the substituents facing away from each other. The bond a 1:1:1 triplet at 45 ppm for £and a pentet at 48 ppm foC
distances in the coordinated olefin are within the expected rangeAfter abou 2 h the only resonances observed (besides the now
(C1—C2, 1.412 A; C3-C4, 1.422 A). The rhodiumolefinic more intense gDsH resonance) are the unchangegViés and
carbon distances reflect the steric effect of the substituent. Thethe SiMe resonances.

Rh—CZ bond distance .at.2'167 A IS. longer than the_m (40) Hauptman, E.; Sabo-Etienne, S.; White, P. S.; Brookhart, M.; Garner,
distance at 2.135 A. Similar bond distances are obtained for j M. Fagan, P. J.; Calabrese, J.JCAm. Chem. S0d994 116 8038.

the second olefin. Even though the carbon atom bearing the (41) Lenges, C.; Brookhart, M. Manuscript in preparation.
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Table 1. H/D Exchange of Vinyl Sites irlain Deuterated
Solvents

=" ="
i |
Rh_DQ g D Rh_D siMe
la — » )y SiMes _ 5 AN 3
Xo 7 D&\rDD/f
Me3Si 1ad, Me3Si ladg D
time for 50% reduction in signal
intensity (site of deuteration) (min)
solvent temp{C) o B
CeDs 50 115 250
CsDsCDs 50 120 960
CsDsCl 50 125 230
(CDs),CO 50 120 210
CeDs 78 <5 18
CeDsCDs 78 <5 18

20.01 g ofla (2.3 x 10°° mol), 0.6 mL of solvent, capillary insert
with ferrocene

The mechanism for this process is similar to that outlined in
Scheme 1 with the modification that the regiochemistry of olefin
insertion is guided by the trimethylsilyl substituent which
explains the observed differences in the rates of deuterium
incorporation (eq 3). In the analogous cobalt syste®jy (

1a

CeDs - es o
D casives | <5 <
|
RQ..,
es . ﬁdh\CeDs e / \E‘GDS es
d v 1 simes [Megsi | | i
B \W"CBDS ) Emane }h\ iMeg
\ D ko :éi €5 C<$765 N /
SiMes \ ‘ i Me3Si 1 dD
. I Bh. 1a-dg
Me3SiR == K )
sk eg l\CrHr;CGDs D/ HCs 5
2 (Me3Si 3)

comparable deuterium incorporation is observed but with a half-
life of 1 h at 20°C and with highly regioselective incorporation
of deuterium into thex-position of the coordinated olefin.

It is interesting to compare this observation with the ther-
molysis of the parent bis-ethylene complexi&sRh(CGHa)2]

(5) in benzeneds. Jones and co-workers have reinvestigated this
system? and found that at 78C in benzeneis 5 will incorporate
deuterium into coordinated ethylene to decreaseth&lMR
integration afte2 h by 25% of itsoriginal value. This indicates
that the dissociative lability of the coordinated olefin is
significantly increased iia and should therefore allow more
effective access to the reactive 16-electron fragmepVigs-
RhL] under relatively mild conditions.

This H/D exchange process is also observed in other aromatic
solvents. In a series of experiments the intensity ofdhand
p-sites of the coordinated olefin & was monitored by NMR
spectroscopy and half-lives for the deuterium incorporation

extracted (Table 1, pseudo-first-order rate constants are given

in the Supporting Information). Interesting differences are
observed for the deuterium incorporation into theites of
coordinated vinyltrimethylsilane. Incorporation of H atoms into

Lenges et al.

increase of the original intensity for one site), with the ortho
positions being most slowly activated (5 h, 8D, 25% increase
compared to the original intensity for one site). These results
support previous observations that a methyl substituent has
considerable impact on reactivity and regioselectivity in the
activation reactiod®43The residuatH NMR resonance for the
methyl group increases only by 20% (80), consistent with

the reported lower reactivity of benzylic-4 bonds relative

to aromatic G-H bonds in oxidative additions to Rh(j.

Not only solvents containing aromatic’3pH bonds partici-
pate in this reversible H/D exchange process. An acetigne-
solution of1a also exhibits H/D exchange by incorporation of
deuterium into the coordinated olefin. Exchange rates are
comparable to those in aromatic solvents (Table 1). Wirite
arene adducts of gMesRh(L)] complexes have been previously
observed{ we have not spectroscopically observed the likely
[CsMesRh(olefin)(acetone)] adduct as an intermediate in any
of these exchange reactions. These results clearly demonstrate
the ability of these systems, in which olefin dissociation is facile,
to activate not only shC—H bonds but also $pC—H bonds
under moderately mild thermal conditions.

Since the olefinic hydrogens are deuterated initially by
exchange with solvent, further bond activation reactions fol-
lowed by reversible insertion and reductive elimination processes
can essentially shuttle deuterium from the solvent via the
coordinated olefin into other, undeuterated, substrates. The first
evidence for this reactivity was observed when a tolugne-
solution of 1a was continuously heated at 7&. After all
resonances for olefinic protons disappeared, a decrease of the
SiMe; resonance was observed with a half-life of 10 h (pseudo-
first-order rate constant: % 107° s1). In the H NMR
spectrum a 1:1:1 tripletjp = 2 Hz) was observed just upfield
of the singlet SiMg resonance. Extended heating for a total of
24 h resulted in the complete disappearance oftdlNMR
features of the trimethylvinylsilane ligand in this experimé&nt.

If additional trimethylvinylsilane is added to a reaction mixture
prepared in this fashion, olefin substitution chemistry is observed
under these conditions to regenerate prdgoand deuterovi-
nyltrimethylsilane; ongoing H/D exchange will eventually result
in complete deuteration of vinyltrimethylsilane (10 equiv) if
heating is continued for 1 week at 78.

In the deuteration reactions described thus far, theleg
ligand has not been involved in H/D exchange catalysis;
however, thermolysis ofa in tolueneds at 120°C for 12 h
eventually results in considerable deuteration of thdé&g
ligand. Referencing to a ferrocene standard in a capillary insert
established that the remaining Cp* resonance decreased while
the resonance for benzedgh increased. Throughout this
process the reaction mixture is homogeneous (¢§ebntinued
thermolysis results eventually in decomposition to unassigned
products. The integrity ofa during this process was confirmed
by a ligand exchange reaction. Addition of trimethylvinylsilane
resulted in regeneration of the characteri$ficNMR features
of coordinated protio-olefin inla, while the Cp* region
remained complex due to extensive deuterium incorporation.

(43) Less than 1% activation of the benzylic position of toluene is

toluene is somewhat slower than in benzene and chlorobenzeneobserved in the reaction of f@lesRh(PMe)] with toluene. Jones, W. D.;

The regiochemistry of H incorporation into toluedgindicates
that the para site is favored (5 h, 8@, the integration of the

Feher, J. FJ. Am. Chem. S0d.984 106, 1650.
(44) Jones, W. D.; Feher, F. J. Am. Chem. S0d.984 106, 1650.
(45)3C NMR analysis of these reaction mixtures shows a broad, ill-

residual resonance for the para position is increased by 300%defined resonance at-@ ppm with extensive coupling to deuterium; for

in intensity), followed by the meta positions (5 h, 80, 100%

(42) Jones, W. D.; Duttweiler, R. P. J.; Feher, F. J.; Hessell, BeW
J. Chem.1989 13, 725.

the olefin resonances see ref 33.

(46) Besides the residual singlet resonance at 1.57 ppm (toblggrze-
triplet (1:1:1) resonance at 1.52 ppth= 1.8 Hz) is observed in addition
to small amounts of unassigned decomposition products.
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Finally, the thermolysis ofain hexaned;, was investigated. =~ Table 2. H/D Exchange between Benzedgto Other Substrates
At 78 °C no H/D exchange was observed. However, after 5 h Catalyzed byla
at 120°C, only two major resonances remain in ¢ NMR

spectrum corresponding to the Cp* and Sivgoups ofla entry  substrate® product % deuteration”
next to a series of broad signals in the Cp* region assigned as h _24h
decomposition products. The olefinic sites have been deuterated, —ds ortho: 76 91
and thus, these resonances are absent. In addition, the SiMe Q_NHZ /N2 meta: 94 97
resonance clearly shows signs for deuterium incorporation. This para: 93 97
was confirmed by3C NMR spectroscopy as discussed above. 2 Hyc-O~tgy Dsc/o\fsu 31 44
Compared to the other solvent systems, hexane shows the lowest o o
reactivity and solvent activation is not observed without some 3 HaC7™siMe;  DsC” SiMes 46 62
catalyst decomposition. In contrast, it is significant to point out
that no signs for solvent activation and H/D exchange were 4 @Fe—© {@“Fe—@d 93 -
observed in a series of thermolysis experiments performed in s >
cyclohexaned;,. This observation is consistent with the marked D D
difference in reactivity previously observed between primary 5 D D 49 48
and secondary €H bonds in bond activation reactiofé** VAN °
Equation 4 summarizes the sequence for deuterium incorporation o
into complexlain order of site selectivity. 6 1, C*OCHZ_CHS Dacj\OCHZ-CH3 61 80
Me M
<= =< N 21a(0.01 g, 2.3x 1075 mol), substrate (4.6 10~ mol) in C¢Ds

_—

I '
3] ! D . ! o~ bo, . H r Ny
SiM Si(Chy)s D D at 110°C. P % deuteration estimated from residuédl NMR signal
v\f/g;\/} = Dk\f};;? : \);DE/’S'(C% intensities.
(

MesSi1ads O (D3CpSi 12d,4P D3CBSI 1a-d3oD @

of the SiMe group in entry 3 in place of th®u group of entry

These solvent activation reactions are encouraging for possible? SUdgests a slight preference in the exchange process for the
applications in catalysis since the general bond activation Substrate with the second-row element which renders the methyl

reactivity of the fragment [@VlesRhL] has been well-established C—H bonds more acidic. In comparison t_o aromatic subgtrates,
and is here incorporated into a reversible sequence-ofl C both substrates'are ca. 1 order of magnitude less reactive. The
activation steps of $as well as spbonds. The use of the more ~ 'ate of deuteration of ferrocene, on the other hand, compares
labile olefin trimethylvinylsilane facilitates olefin dissociation ~Well to the H/D exchange rate of aromatic substrates (Table 2,
to generate the reactive 16-electron intermediate in combination€ntry 4), and complete deuteration is observed readily.

with the second olefin which can participate in an insertion  Olefins with -hydrogens are in general isomerized by
reaction in a possible catalytic cycle. The deuteration of the rhodium systems of typd. This is also supported by the
SiMe; group as well as the Cp* ligand is believed to occur observation in entry 5, in which the most likely mechanism
through intermolecular €H bond activation processésin involves olefin substitution ina by cyclopentene followed by
addition, vinylic C—H bond activation of the coordinated olefin  reversible solvent activation, insertion, and deuterium exchange.
can contribute to the observed process but no further evidenceRapid olefin isomerization will incorporate the label with equal

was observed to support this scenario. ~rates into all positions of the substrate as is observed. The bis-
To illustrate the intermolecular reactivity of the olefin  cyclopentene rhodium complex was not accessible using the
complex toward other €H bonds, a benzengs solution of synthetic strategies applied here, but the deuteration results

la was heated in the presence of a variety of substrates.indicate that cyclopentene complexes are generated in these
Deuterium incorporation into these substrates was observed vigreaction4? and suggests that compléa is a useful general

a shuttle process in which deuterium from benzene is exchangedyrecursor for catalytic reactions with a variety of olefins. The
into the olefinic positions of the vinyl silane and then, upon reaction of ethyl acetate witha and benzenes results in
substrate activation, the deuterium is passed on to substrategelective deuteration of the-methyl group; deuterium incor-
Table 2 illustrates several substrates which have been Subjecte%oration into other &H sites is not observed. This compares
to the shuttle exchange process. well with the reversible activation of acetone as discussed above.

r(‘)l’(\:/;ir;tiloeg#évalgag zf :tm1“1n§> ((:ngLes%'eeng}é ﬁ)eéei?ffo'g g;'s These H/D exchange results indicate thatcan effectively
P W ' ueti activate a variety of €H bonds and shows selectivity in this

the aromatic resonances in theé NMR spectrum. Deuteration i . .

of the meta and para positions is fast%st which indicates theprocess. In addition the presence of a series of functional groups
L ! . S .~ _"is tolerated. It is noteworthy to point out that some of these

steric impact of the amino substituent. It is noteworthy to point . "

out that the NH group does not show deuterium incorporation reactions were conducted under conditions where compound

on e e sl f tese oxpermetineresing re ko 1145 Sl Sabke (O, 1500 faeer commite
entries 2 and 3 in which two similar substrates show selective q 9 )

'l_VD exchange at a §p§_H b_onda to the hete_roat(_)m. (For a_n (48) Reaction mixtures containing aniline até in benzeneads were

H NMR spectrum which illustrates deuterium incorporation thermolyzed for 1 week at 116C without any signs for deuterium

into MeOSiMg see the Supporting Information.) The presence incorporation into the-NH; group; complextadecomposes after extensive

deuteration to unassigned products. This result also indicates that protic
(47) (a) An alternative mechanism for deuteration of the Cp* ligand mechanisms for H/D exchange catalyzed by possible decomposition products

follows a route via a fulvene rhodium hydride intermediate which operates are not operative.

under different conditions as applied in the reactiongafMaitlis, P. M.; (49) Addition of cyclopentene tdain cyclohexaned at 50°C results

Moseley, K.J. Am. Chem. S0d.969 91, 5970. (b) The activation of the in the formation of new olefin complexes assigned as mono- and

CsMes moiety in d transition metal systems has been observed; see refs 1 bis-cyclopentene rhodium species. Isolation of these materials was not

and 2 for general references. successful.
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At 110 °C, catalytic H/D exchange is efficient and fast but
the catalyst lifetime is reduced depending on the substrate
(Table 2).

C. Thermolysis of 1a in the Presence of Excess Trimeth-
ylvinylsilane. Complex 1a is stable for long times at high
temperatures but reactive as indicated by the ongoing H/D
scrambling processes in solvents such as bendgriéie inert
solvent cyclohexand;, was investigated to study the reactivity
of 1a under thermolysis conditions. A solution of compléx
was heated to 14%C in cyclohexaneh, in the presence of 10
equiv of vinyltrimethylsilane. Afte4 h new singlet resonances
at 6.28 and 6.59 ppm are observed along with a singlet at 5.28
ppm identified as ethylene; in addition, new signals in the SiMe
region are observed. After 24 h at 14Q these resonances
account for roughly 30% of all vinyltrimethylsilane present, the
major rhodium species (95%) remains complex The new
singlets in the olefinic region at 6.59 and 6.28 ppm are assigned
to (E)-1,2-bis(trimethylsilyl)ethene'{C: 151.1, d) and 1,1-bis-
(trimethylsilyl)ethene C: 140.2, t) and agree well with
literature value§®°2 This result indicates that either vinylic  Figure 2. ORTEP view of6. Selected distances (A) and angles (deg):
C—H bond can be activated by rhodium. Insertion followed by Rh—Si(1) 2.8472(2), RrC(1) 2.135(4), RR-C(2) 2.152(5), Rr-C(3)
B-silyl elimination and reductive elimination from a Rh(lll)  2.166(5), Rr-C(4) 2.233(5), Si(1)C(3) 1.849(5), Si(1}C(4) 1.861-
vinylsilyl intermediate generates ethene and the observed bis-(5), Si(2)-C(4) 1.850(5), Si(3)C(10) 1.908(5), Si(4yC(10) 1.909-
silylated ethene derivatives (eq 5). The rhodium species is (g()z,)c(cl()l—o():&?é zlé‘(‘%df(g()vl_}g:}ggg 31545175((27))'C((:l(—i-}Ri(3é(:lsj463(37§57sa)'
trapped by additional vinyltrimethylsilane to regenerate ), C2-Rh-C(3) 38.88(2), C(3yRh-C(d) 71.12(2), C(2}C(1)

Sheq C(4) 115.0(4), C(1}C(2)—C(3) 110.9(4), C(1) C(2)—C(10) 124.4(4),

es R > . _ AN e _ ’ AN . si -
@M s h."\SiMea__\ Th\[ MeaSi/_/ + CHe Si(1)-C(4)—Si(2) 128.3(3), C(3)Si(1)—C(4) 87.19(2), Si(1)yC(4)

& MeSiMes C(1) 106.9(4), Si(2C(4)—C(1) 119.9(4), Si(3yC(10)-Si(4) 112.99-
\/Hh\/\ SMes ¢ (2); C(4)-Si(1)—C(3)—C(2) 29.7(4), C(4)yC(1)—C(2)—C(3) 2.4(4),
Me3;7 7 C(1)-C(2)—C(3)—Si(1) 24.1(4), C(4)Si(1)—C(3)—C(2) 29.7(4).
la — SiMes SiMes  MegSi

Rh Ah
Measaf T — N T — M938i>: + Cetla

aiMes 5 MesRh] moiety?3 Two vinyltrimethylsilane molecules and two

SiMes groups are utilized to generate thissilacyclopentadiene
complex. The RRC1, Rh—C2, and Rh-C3 distances are all
Continuous heating of this reaction mixture for 1 week at very similar and in the range of 2.15 A. The RB4 distance
140°C results eventually in 80% conversion of vinyltrimeth-  of 2.23 A is considerably elongated and reflects the steric impact
ylsilane to 1,2-bis(trimethylsilyl)ethene (72%) and "ibis- of the SiMe group at C4. The bond distances in the diene unit
(trimethylsilyl)ethene (28%). Significantly, under these condi- giso reflect this influence with G1C4 being notably longer
tions, 1a has been completely converted to new rhodium (1 45 &) and C+C2 or C2-C3 essentially identical (1.43 A).

complexes. Removal of the volatiles by vacuum transfer The torsion angle of Z4for C1-C2-C3-Sil is also charac-
confirms the observations made during catalysis. Besidestgristic for this complex.

vinyltrimethylsilane, ethene, and the two bis(trimethylsilyl)-
ethene isomers, ethyltrimethylsilane (t, 0.92 and q, 0.42 ppm) th
is also observed in the volatile fraction. Analysis of the
remaining organometallic material indicates a mixture of
rhodium complexes incorporating a series of Silgmups with

the dominant thermolysis product accounting for 75% of all
organometallic material. Cooling of an acetone solution of this
mixture to—30°C for 1 week results in the formation of orange
crystalline material which corresponds to the major decomposi-
tion product, 6, whose!H NMR spectrum shows one Cp*

The formation of comple% during the thermolysis cfain

e presence of excess trimethylvinylsilane can be viewed as a
stepwise process in which first silation of vinyltrimethylsilane
occurs as observed during the thermolysis. The silacyclopen-
tadiene is then formed from two 1,1-bis(trimethylsilyl)ethene
units via dehydrogenative coupling and isomerization. It is
significant that in this deactivation process thé §pl bond of

a SiMe; group must be activated and coupled in a reductive
elimination process with a second molecule of olefin. Additional

resonance at 1.92 ppm and three 9H singlets accounting forvmyltnmethylsnane functions as the hydrogen acceptor and

three SiMg groups. Analysis by3C NMR spectroscopy also ethyltnmethylglane is generated. .
shows three SiMggroups and four resonances which show D. Deuteration of Complex 1c.The reactivity of complex

coupling to rhodium at 45.0 (18 Hz), 43.5 (15 Hz), 87.7 (6 Hz), 1c follows the general features observed for complexbut
and 90.0 (9 Hz) ppm. with significant differences. A benzemg-solution oflc shows

considerable deuterium incorporation into thositions of the
The ORTEP diagram o is shown in Figure 2 and confirms coordinated olefin after 3 days at 2G.54 This experiment was
the incorporation of additional SiMegroups to generate a repeated at higher temperatures, and a tolugrsslution of

silacyclopentadiene fragment which is coordinated to the [C 1c was heated to 5500 Wh'le_ the reaction was _monltore(_j by
NMR spectroscopy® Deuterium incorporation into multiple

The structure o6 was determined by X-ray crystallography.

(50) Wakatsuki, Y.; Yamazaki, H.; Nakano, M.; Yamamoto JYChem.

Soc., Chem. Commu991, 703. (53) Hayashi, J.; Sakurai, H. Organomet. Chenl973 63, C10.
(51) Birkofer, L.; Kuehn, TChem. Ber1978 111, 3119. (54) The doublet splitting of th8-protons disappears to generate a singlet
(52) Seki, Y.; Takeshita, K.; Kawamoto, K. Organomet. Cheni989 for all four inequivalent positions, while the resonances fordhegrotons

369 117. are reduced to 30% in intensity at this stage.
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Table 3. Selective H/D Exchange dfc in Aromatic Solvents

1
Nsiorn, = . Et-Si/io\( )
ges f\;/ es5 7 CeDi2 90 °C (OPr)» 8

i
R - S
\/ K/‘\si(oipr)s \/Rh\ s Characteristic foB are'H NMR features which indicate the
N/ Dp/ o-CD . . -
(PrO)5Si4 o DG i | A formation of a Si-bound ethyl group (5H), a singlet resonance
o <Dgc—CD\O>5 D CDs at 1.71 ppm (3H), and two isopropoxy groups (septet at 4.18
(2H) and d at 1.13 (12H) ppm) in addition to two singlets at
temp site of deuteration (%H integral reduction) ~ 4-32 and 4.02 ppm (each 1H).

solvent (°C) time  « B OCHMe,  OCHMe&, To' investigate t'his cat.alytic.process in more detail, the
reaction of 20 equiv o¥ with 1cin cyclohexaned;, was fol-

gzgzggz gg ‘112hh Zgg 4112 ig ij lowed bylH_NMR spectroscopy at 9C. A plot of turnover
CeDe 70 4min >99 60 64 64 number vs time is given in the Supporting Information. In the
CeDs 70 10h >99 >99 91 85 initial part of catalysis (about 10 h) there is a linear relationship

between turnover number (TO) and the time which corresponds
to a turnover frequency (TOF) of 0.7 TO/h. However, after 20
h under these conditions,99% conversion t@ is observed,
which indicates that the TOF increases toward complete conver-
sion of substrate. After 95% conversion dto 8 complexlc

still amounts to 90% of the initially charged catalyst load. Only

sites of the coordinated olefin was observed, and the results of
these H/D exchange reactions are summarized in Table 3.

A significant reactivity difference is observed for the ex-
change of ther-protons compared to the other sites of the olefin.
Complete deuteration of the-protons is observed after 4 min 4 complete conversion of allto 8 doeslc decay to unas-
at 7_0 C. The rate of deutenum_lncorporatl_on for all other sites signed products, which indicates tHatis the resting state dur-
during the exchange process is very similar. The sequence ofiq catalysis. Since reversible olefin dissociation must occur to
deuterium incorporation is illustrated in eq 6. initiate catalysis, the presence of free vinylsilane will reduce

the TOF in this transfer hydrogenation process. Close to com-

ées ées ées plete conversion of the TOF increases on the basis of the re-
)"I'Q N CeDs /é\}s- o /R‘r\ A ducgd bipqling affinity of thg trapsfer hydrogenation prodaict .
(PrO‘)sz? 7 em (PrO), ?D i(OP0s D‘KDD_}% c‘goDé It is efficient to use neat vinylsilane as solvent for the catalytic
8 <D30?;D }5' 0 CDs 3 transfer hydrogenation since the products can be directly used
1c 1c-dy 00 Y5 tedis (6) for further applications or freed from rhodium-containing

materials by simple vacuum transfer. Catalyats also effective

Complex 1c-d; is generated first and functions to shuttle in these reactions since fast ligand exchange under reaction
deuterium from the solvent into the - bonds of the conditions will generate the corresponding alkoxyvinylsilane
isopropoxy groups. The deuteration of tfieprotons of the complex in situ. In the case &f addition tola will generate
vinyltriisopropoxysilane is considerably slower than the deu- 1c. Therefore, in a series of experimenis (0.01 g, 2.3x
teration of the3-protons inla. This is likely a consequence of 107> mol) was dissolved in neat silarfe(1 g, 188 equiv) and
the increased steric bulk of the olefin It which disfavors ~ heated at 140C and the reaction mixture sampled at various
olefin insertion with opposite regiochemistry (see eq 3). It is times. The following time-turnover data were observed: 30
also remarkable that the isopropyl groups of the olefinic ligand mMin, 38 TO; 45 min, 61 TO; 65 min, 81 TO; 95 min, 117 TO.
are deuterated on the time scale of reversible solvent activation This result indicates that the TON is essentially linear with time.
(similar H/D exchange results are also observed in acetgne- ~ Only close to complete conversion is a faster TOF observed.
In these exchange reactions the tdtalintensity of the methyl ~ Quantitative conversior(99%) to8 is observed after roughly
groups decreases at the same rate as the isopropyl methiné _h reaction time. It is possible to achieve very high turnovers
signal. Taking statistical factors into account, this observation With this catalyst system. For example, heating 0.01 daf
suggests that the methyl groups are activated more easily tharfnd 10 g of7 for 5 days at 140°C results in quantitative
the less accessible methine protons. In comparison to MeQSiMe CONVersion of7 to 8, which corresponds to 1900 turnovers.
(entry 3, Table 2) a significant increase in H/D exchange DPuring catalytic transfer hydrogenation the only rhodium-
reactivity is observed for this system, indicating a potential COntaining species observablelis the formation of a possible

preference for an intramolecular bond activation pathway (vide rhod@um enol com_plex in whicl8 is uti_lized to stabilize the .
infra). rhodium fragment is not observed. This was tested by heating

E. Alkoxysilane Isomerization: Transfer Hydrogenation. 1cin cyclohexaneds, at 100°C. After 8 h 60% of olefin7 in

Reversible G-H bond activation of triisopropoxyvinylsilan&) gotrencri)(leesxilrf Itigorg\;iﬁce)g tr%iigj?é Tgvgg\rfri &E:;B’ezsgggggl_e

in 1cindicated by the deuterium incorporation experiment is gsition roducts P

not the only reaction observed with this ligand system. In a P P o . .

reaction of excess silan® with 1c in cyclohexanadhs, the On the basis of the deuterium exchange experiments, the

. . . ) eneral mechanism of transfer hydrogenation must involve
catalytic formation of a new organic product is observed at 90 95'°" " . .
°C V\)//hile excess olefin is de%leted? The vinylsilaiehas oxidative addition of the €H bond eitherx or /5 to oxygen in

undergone intramolecular transfer hydrogenation to generate thet7 o the 16-electron species J@esRh(olefin)], migration of
bis(isopropoxysilyl)ethyl-protected enol of acetone, compound he resulting rhodium hydride to the vinyl group, théiydride

8 7 elimination to yield the silyl vinyl ether functionality. This

(eq 7). process can occur in an intra- or intermolecular fashion. Scheme
(55) In the coursefo2 h asecond Cp*-containing species is generated 3a illustrates a possible catalytic cycle via an intramolecular

which amounts to 21% of the rhodium complexes present relativie.to mechanism employing the-&H bond 3 to oxygen (a similar

Additional olefin resonances suggest that this second species is an isomer, ; ; e
of 1c. A fresh solution of crystallized.c shows one isomer as indicated. cycle could be written employing th bonda to oxygen).

Monitoring this solution over 1 week at 2& shows that a second species  1h€ H/D exchange experiments suggest that at least reactions
with analogous NMR features as the complex indicated here is generated.A, B, and C are reversible.
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Scheme 3
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Shown in Scheme 3b is an abbreviated form of the intermo-
lecular mechanism, again employing tieC—H bond. It is
significant to note that thimitial products of hydrogen transfer
are ethyltriisopropoxysilane’() and a silyl enolateq") which

Lenges et al.

with la are observed. Whetb is treated with9 (5 equiv) in
CsD12 at 90 °C and the reaction is monitored By NMR
spectroscopyl0 is formed with an initial turnover frequency

of 2 TO/h. In the initial phase of catalysidp is the only
rhodium species present. As catalysis proceeds, a second
rhodium complex begins to build up which accounts for 50%
of the rhodium complexes after 5% conversior®ab 10. After
guantitative conversion 0P to 10 all rhodium-containing
material corresponds to the new specids Isolation of pure
samples of this complex has not been possible due to its thermal
lability, but spectral dafd suggest it is the bis-vinyl ether
complex,11

e
\/RJ\ /—OSiMezEt

EtMepSiO 19

The same species is observed wHdnis thermolyzed in
benzeneads or acetoneds for several hours at 20C; however,
again the thermal instability of the complex prevents its isolation
as a pure compound.

To survey the utility oflaas a transfer hydrogenation catalyst,

a series of vinylalkoxysilanes was prepared from dimethylvi-
nylchlorosilane and various alcohols and subjected to catalyst
la Results are summarized in Table 4. All reactions were
carried out without solvent. Column | describes results using 2
mol % catalyst m 3 h runs at 140°C, while column II
summarizes results of reactions run at P4) 48 h with 0.5

mol % catalyst. Products and isomer ratios were analyzed by
IH and13C NMR spectroscopy.

Entries 1 and 2 have already been discussed. Using the
n-butoxy-substituted silanel2 (entry 3), conversion to the
silylvinyl ethers are good (95% in series I1) but little selectivity

still possesses a vinyl substituent. While a detailed mechanisticiS seen with nearly equal amountstandZ isomers observed.
study has not yet been carried out on this hydrogen transfer ' he isobutoxy siland4 (entry 4) generates not only andZ

reaction, we currently favor the intramolecular pathway since
(1) spectroscopic evidencéH, 1°C) indicates thaf’ and 7"

are not formed at any time during the reaction, (2) the

intermolecular transfer hydrogenation using an olefin as hy-

drogen acceptor and an alkoxysilane was not successful in

preliminary experiments usinga as a catalyst under these
conditions?® and (3) the reactivity of the unactivated methyl
groups in7 in the H/D exchange reaction increased compared
to methyl groups which require intermolecular activation (see
Table 2).

The intramolecular transfer hydrogenation of vinylalkoxysi-

lanes has been extended to other substrates. Reaction o

vinyldimethylethoxysilané® (2.4 g, 1.84x 102 mol) with 1a
(0.01 g, 2.3x 10°® mol) (neat, 140°C, 72 h) results in
quantitative formation of the ethyldimethylsilyl-protected enol
of acetaldehydel0 (eq 8, 800 total turnovers). Vacuum transfer
of 10 away from residual rhodium catalyst results in isolation
of analytically purelO.

1a
/\SiMegoEt

Et—ﬁ]f/o\/ (8)

o e
140°C 2 1

9

Complex1b also can be used to catalyze transfer hydrogena-

tion reactions and, in general, results identical to those obtained

(56) Using n-propoxytrimethylsilane as substrate, reactions with nor-
bornene, trimethylvinylsilane, dert-butylethylene usind.a as a catalyst
did not result in the formation of a silyl enolate and hydrogenation products.

isomers but also regioisomers with little selectivity apparent for
activating a methyl vs ethyl group. Yields in series Il are 78%;
however, under these conditions, all starting material has been
consumed. The remainder of the product appears to be derived
from C—Si bond cleavage as described above in eq 6.

The comparison of entries 5 and 6 suggests thapthert-
butyl group sterically inhibits €H bond activation whereas
the high yields and quantitative conversionl@fto 19a,b(E:Z
of ca. 53:47) indicate that th8-phenyl group activates the
B-C—H bond in this case. Conversion a8 to 19a,b was
followed by H NMR spectroscopy in cyclohexang, at 90
°C with a 20:1 ratio ofl81a. After 12 h, 90% conversion to

9was achieved with as:Z ratio for 19a19b of 6:1. This result
suggests that there is a significant kinetic selectivity for
formation of theE isomer but that at higher temperatures and
longer reaction time&/Z equilibration occurs (see the Sup-
porting Information). Conversion of substra2@ bearing an
o-phenyl substituent to the silyl enola#d (entry 7) is clean
with high conversions$99% under column Il conditions). In
the case of22 (entry 8), yields of transfer hydrogenation
products are high (99%, column II) but a mixture of both regio-
and stereoisomers are obtained.

The structure of the vinylsilane was varied in a different way
with substrate?4. Catalytic transfer hydrogenation 8# to 25

(57) Characteristic for complexl: *H NMR 1.65 (s, 15H), 2.57 (dd,
7.2, 2.3 Hz, 2H), 1.55 (dd, 7.2, 2.3 Hz, 2H), 1.22 (ddd, 7.2, 6.0, 2.4 Hz,
2H), —0.04 (s, 3H), 0.28 (s, 3H);Et resonances obscurééC NMR 101.1
(CsMes), 52.2 (d, 13.5 Hz, bC=), 42.9 (d, 14.1 Hz=CHOS:i), 9.1 (GMss),

2.6, 1.8 (-SiMe), 9.85, 6.8 { CH,CHg).
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Table 4. Catalytic Transfer Hydrogenation of Vinylalkoxysilanes to Vinyl Silyl Etlers

% conversion to

entry substrate product vinyl silyl ether product
I* Ti**
1 A si0Pr Et-Si” O\( >99 >9
1 8  (OPr)
; -/O\/ 8 5
2 97 “siMe,OFt 1051 ¥, o
Pas 13a.7 MeEtSi 13 41
312 SiMe,0"Bu 13b.E ‘__ £t 175 54
" MeoEtSio
e 14, 16 22,26
15a-7Z ) ,
4 147 siMe,0-CH e M& Ve
Et
MEZEYSI\
15¢ )= 27 30

5 g/\ SiMe,OCH, CH,'Bu

17 MegEth 3 0

MegEtSl
6 u/\SiMeZOCHQCHZPh 19a2-Z R 47 47
19b-E 53 53
Me MegEtSi\O
7 207 SiMe;0-Cl 21 = 69 > 99
Ph P
Me MeoEtSi-o
8 227 ‘SiMe,0-CH ;;:é pn 12,23 24, 64
- N -
CHoPh Mé
MezEtSI\

F’hHgC)= ! !

a All reactions run without solvent. *2%a, 3 h at 140°C, by NMR. **0.5% 1a, 48 h at 140°C, by NMR.

Table 5. Experimental Details for X-ray Analyses &t and6

1c 6
mol formula RthC32H6305 Rth5H518i4
FW 702.91 578.93
crystal dimensions (mm)  0.40 0.20x 0.15 0.30x 0.30x 0.30
no. of reflns for cell 5688 8192

determn
a(A) 8.9137(11) 10.9528(5)
b (A) 13.0204(16) 11.8066(5)
c(A) 16.9604(21) 12.4378(6)
p (deg) 100.845(2) 96.827(1)
V (A3 1890.2(4) 1565.85(12)
space group P1 P1
z 2 2
« (Mo Ka,, mm™1) 0.55 0.71
F(000) 750.45 614.61
T(°C) —100 —100
no. of reflns 13301 8855
mergingR-value on intens 0.029 0.025
no. of unique refins 6684 5490
no. of obsnsli(> 3.00(l)) 5212 4347
ReRw 0.040, 0.046 0.029, 0.054
all reflns: ReRy 0.051, 0.053 0.034, 0.054
GOF 2.05 1.88

was observed under standard conditions using eithar 1le
as catalysts (eq 9).

0
A siph,

laorle
— -

0
Et-SiPhy \( ©

24 25

Column | conditions (Table 3) resulted also #99%
conversion to product in both cases. Reactions run at°€20
for 1 h with 2% catalyst gave with substraie only 5%
conversion taB, while 10% of24 was converted t@5. These
preliminary results suggest that the increase in steric bulk at
silicon has a small but measurable effect on the rate of the
catalytic proces&®

Transfer hydrogenation catalysis of vinyl amino silanes was
also briefly examined. Treatment 86 with 1a under catalytic
conditions (14C0C, 12 h, 0.5 mol %d.a) results in formation of
silyl enamine27in 70% yield after 95% conversion @6 (eq
10). Only a single isomer &7 is observed, which is assigned

1a
/\SiMegNHCHQCHgPh R

26

(10

H
Ph
ees ™~
M82 27

(58) A bis-olefin complex analogous fousing triphenylvinylsilane was
prepared but not isolated without excess olefin present. This complex is
more reactive in catalytic H/D exchange as discussed above due to the
increased steric demand.
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Table 6. NMR Data for Vinyl Silyl Ethers

Lenges et al.

'H NMR Bc NMR
_ 4.04 (s, =CH,, 1H); 4.33 (s, =CH,, 1H); 155.4, 92.4 (OMeC=CH,); 66.2 (OCH);
8 EtSI 4.18 (sep, OCH, 2H); 1.74 (s, -Me, 3H); 26.2 (CHMe); 23.1 (Me); 4.62, 7.42 (-Ep)
{OPr), 1.14 (d, CHMe,, 12H); 0.97 (t, -Me, 3H);
0.61 (q, -CH,-, 2H).
10 Et—SI/O\/ 6.65 (dd, 1H); 4.68 (d. 1H); 4.36 (d, 1H); 146.4, 94.8 (OHC=CH,); -2.41 (SiMe,);
Me, 1.35 (t, 3H); 0.85 (q, 2H); 0.27 (s, 6H); 6.76,7.79 (-Ep)

3a. 0.82 (t, 3H); 0.85 (1, 3H); 0.51 (g, 2H); 0.06 (s, 6H); 213, 17.6 (EZ- =HCH,-), 155, 14.7
13b-E 6.06 (dt, 7 Hz, 1H); 4.41 (dt, 7 Hz, 1H); 2.10 (m, 2H); (B2l 84 83 (B2CH 35)}1\2'8’)_67
0.89 (t, 3H); 0.82 (t, 3H); 0.50 (g, 2H); 0.05 (s, 6H); (E.Z-5iCHy); -2.5, -2.7 (E.Z-SiMe,);
_ Me,EtSi 4.68 (q, 8 Hz, IH)'j 441 (q, 8 Hz, IH).; 148.7, 147.6, (s, E.Z- =CHMe);
15a 168 (d, 3 Hz, 3H); 1.68 (d, 3 Hz, 3H); 1026 101 T i By oMeCa):
15h M Me 1.52 (d, 3H); 1.49 (d, 3H); 0.82, 0.81 2.6, 101.1 (d, LE, =);
(t; 3H); 0.52, 0.51 (q, 2H); n.a.
ce 0.11 (s, 6H); 0.11 (s, 6H);
Me,EtSH ]
e 4.04,4.03 (d, 0.5 Hz, 1H); 1.98 (q, 8 Hz, 2H); 1613 (s, OBC=);
= £ 0.95 (t, 3H); 0.83 (1, 3H); 0.50 (g, 2H); 0.05 (s, 6H):; §857 (t, 126 Hz, =CH,);
192 Me;EtSrQ 7.02(d, 16 Hz, 1H); 6.21 (d, 16 Hz, 1H); 142.9 (d, E- OCH=); 113.7 (d, E- =CPhH);
==\__ 7.05-7.32(m, SH); 0.97 (t, 3H); 136.8, 1292, 125.9, 125.6 (-Ph); 8.2 (-Me);
Ph 0,58 (q, 2H); 0.17 (s, 6H); 6.7 (Si-CH,): -2.6 (SiMe,);
Me,EtSt b 631(d,6Hz, 1H); 538 (d, 6 Hz, 1H); 140.1 (d, Z- OCH=); 110.1 (d, E- =CPhH);
19 U 7.18 - 7.25,7.80 (m, SH): 1.01 (t, 3H): 136.7, 128.4, 125.9, 125.6 (-Ph);
0.62 (q, 2H); 0.12 (s, 6H): 8.1 (-Me); 6.7 (Si-CH,); -2.9 (SiMe,);
5 MeEtSho 4.93(d, 0.5 Hz, 1H); 4.98 (d, 0.5 Hz, 1H); 7.15 - 156.4 (s, OCPh=); 91.0 (t, =CHy);
= 7.25,7.70 (m, 5H); 1.11 (t, 3H); 147.0, 128.8, 125.7, 125.6 (-Ph);
PK 0.71 (q, 2H); 0.22 (s, 6H); 8.8 (-Me): 7.0 (Si-CHy); -1.9 (SiMe,);
534 MEEISHO 5.44 (s, 1H); 1.88 (s, 3H): 7.10 - 7.30, 7.70 (m, SH); 151.7, 1493 (s, E.Z-OCMe=); 110.4, 109.3
£24 Ph 0.95 (t, 3H); 0.62 (g, 2H); 0.12 (s, 6H); (d, E,Z- =CHPh); aro. n.a.; 24.3, 19.9
23b Mé 5.95 (s, 1H); 1.95 (s, 3H); 7.10 - 7.30, 7.70 (m, SH); (q, EZ-Me); 8.8, 9.1 (-Me); 6.9, 7.0 (Si-CH);
0.94 (t, 3H); 0.61 (g, 2H); 0.22 (s, 6H); -17,-1.9 (SiMe,);
MezEtSi\o
23¢ 4.11 (s, 1H); 422 (s, 1H); 3.30 (s, 2H); 7.15 - 7.25, 159.1 (s, OCCH,Ph=);91.3 (t, =CH,): aro. n.a;

PhH,C

Me,EtSi
< LM»*— Et

6.15 (dt, 11 Hz, 1H); 4.97 (dt, 11 Hz, 1H); 1.82 (m, 2H);

7.70 (m, 5H); 1.11 (t, 3H); 0.71 {(q, 2H); 0.18 (s, 6H);

138.3, 137.8, 113.6, 113.2 (E.Z-OHC=CHEW);

43.8 (t, -CH,Ph); 9.4 (-Me): 7.1 (Si-CHa);
-1.5 (SiMe,);

as theE isomer on the basis of the observed 12 Hz coupling These reactions offer the possibility of synthesis of silyl vinyl
between the vicinal olefinic hydrogen® 6.55, 6.72). The ethers under base-free conditions. In addition, since a mild
remaining 30% of the products are produced fromST bond hydrolysis of the vinyl ethers generates ketones or aldehydes,
activation as discussed above. Under catalytic conditions these transformations represent oxidations of alcohols under
analogous to those in series |, Table 3, a 22% vyield (42% simple thermal isomerization conditions. The (apparent) in-
conversion of26) of 27 is obtained. tramolecular nature of these reactions has synthetic advantages
for selective conversion of alcohols to silyl enolates and selective
protection and unmasking of alcohols as the oxidized products.

. . We are currently exploring more detailed mechanistic aspects
The use of [GMesRh(olefiny] complexes for catalytic HID  of these catalytic transfer hydrogenation reactions and the

exchange reactions and transfer hydrogenation has been dezppication of the labile rhodium bis-olefin complexes in other
scribed. Employing bulky olefins that readily dissociate from synthetic transformations.

the Rh(l) center allows facile access to the 16-electron species
[CsMesRh(L)] which is capable of €H bond activation through
oxidative addition. Using L= olefin as the ancillary ligand
provides a pathway for migratory insertion reactions of theHC General Considerations.All manipulations of air- and/or water-
activated substrate and thus catalytic cycles can be closed. Theéensitive compounds were performed using standard high-vacuum or
results described here illustrate catalytic H/D exchange reactionsSchlenk techniques. Argon and nitrogen were purified by passage
in which deuterium can be transferred from deuterated solventstrough columns of BASF R3-11 catalyst (Chemalog) and 4 A
to the bound olefin and, further, can be shuttled to various molecular sieves. Solid organometallic compounds Werg transferred in
substrates in solution. Potential utility in synthesis has been an argon-filled Vacuum Atmospheres dryboi and =C NMR

. . . . chemical shifts were referenced to residttdNMR signals and to the
demonstrated by constructing a cycle in which, via therC 13C NMR signals of the deuterated solvents, respectively. NMR probe

bond activation reaction, a catalytic transfer hydrogenation cycle temperatures were measured using an anhydrous ethylene glycol sample.
can be established which converts alkyl silyl ethers (readily Elemental analyses were performed by Atlantic Microlabs, Inc., of
prepared from alcohols) to silyl vinyl ethers (silyl enolates). Norcross, GA.

Summary

Experimental Section



[CsMesRh(olefin}]-Catalyzed H/D Exchange Reactions

Materials. All solvents used for synthesis were deoxygenated and
dried via passage over a column of activated alurffifi@etrahydrofuran
was distilled from sodium benzophenorietyl prior to use. [GMes-
RhChL], was prepared by following literature procedufggrimeth-
ylvinylsilane, triisopropoxyvinylsilane, dimethylethoxyvinylsilane, bis-
(trimethylsiloxy)methylvinylsilane, chlorodimethylvinylsilane, and

chlorodiphenylvinylsilane are commercially available (Celeste). Benzene-

ds, tolueneds, and cyclohexané, were dried over potassium ben-
zophenoneketyl, chlorobenzenes, and acetonels were dried over
CaH, vacuum transferred, and degassed by repeated fr@emep—
thaw cycles.

Preparation of [CsMesRh(C;H3SiMes),] (1a). The precursor [6
MesRhCh], (0.4 g, 6.5x 10* mol) was combined with an excess of
zinc powder {10x, 0.85 g) in a Schlenk flask. To this was added
5—10 mL of tetrahydrofuran and vinyltrimethylsilane (£01.3 g).
This reaction mixture was stirred at 2€ for 12 h. A red-orange
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(s, 18H), 0.38 (s, 6H)'3C (75.5 MHz, 20°C, CsDg) 6 97.5 (d, 4 Hz,
CsMes), 9.5 (GMes), 3.0 (—SiMe), 2.3, 2.3 (OSiMe3), 48.0 (d, 11.6
Hz), 43.4 (d, 13.6 Hz).

Preparation of [CsMesRh(C;H3SiPhO'Pr);] (1e). The synthesis
follows the general method outlined for the synthesid@afComplex
lewas isolated after extraction with pentane and removal of all volatiles
as an orange-red oil. Attempts to crystallizefrom pentane or acetone
were not successful. Complée contained usually small amounts of
additional vinylsilane. Column chromatography at low temperatures
was not successful to remove excess olefin; decomposition was
observed. Complekewas isolated as an orange-red semisolid. Further
reactivity at 20°C to generat@6 is slow and allowed characterization
by NMR spectroscopy:H (300 MHz, 20°C, acetoneds) 6 3.36 (d,
11.2 Hz, 1H), 2.45 (d, 14.8 Hz, 1H), 2.40 (d, 11.5 Hz, 1H), 2.05 (d, 15
Hz, 1H), 1.36 (dd, 11.8, 15 Hz, 1H), 0.66 (dd, 11, 15 Hz, 1H), 1.08
(m, 6H), 0.90 (m, 6H), 1.58 (s, 15H), 4.13 (m, 1H), 4.02 (m, 1H), 7.89

homogeneous solution has been generated with only excess zinc powdefm, 2H), 7.76 (m, 4H), 7.58 (m, 2H), 7.40 (m, 12H¥C (75.5 MHz,

as the remaining insoluble material. After filtration, the solvent was

20°C, acetonesk) o 98.1 (d, 4.5 HzCsMes), 8.9 (GMes), 66.2, 65.8

removed in vacuo and the remaining solids were extracted with pentane(—CHMey), 25.3 (-CHMe,), 47.8 (d, 13.3 Hz), 47.0 (d, 17.8 Hz), 42.4
until further pentane washings remained colorless. The volatiles of the (d, 14.4 Hz), 37.3 (d, 16.2 Hz), 138.9, 138.5, 138.2, 137.6, 135.2, 135.1,

filtrate were removed, and complé&awas obtained as a yellow-orange
0il (0.41 g, 72% yield) that solidified in the course of 1 h. This material

135.0, 134.9, 129.4, 129.3, 129.2, 129.0, 127.6, 127.5, 127.4, 127.3 (s,
aromatic). Anal. Calcd for £HssO,Si,Rh: H, 7.15; C, 68.89. Found:

is pure by NMR and elemental analysis. Recrystallization in acetone H, 7.26; C, 69.05.

at —70 °C results in yellow material which shows only one isomer by
NMR spectroscopy!H (400 MHz, 20°C, acetoneds) 6 2.11 (ddd, 10
Hz, 2.4 Hz, 1.6 Hz, 2H), 1.15 (m, 4H), 1.68 (s, 15H), 0.04 (s, 18H);
13C (100.6 MHz, 20°C, acetoneds) 6 98.2 CsMes), 47.8 (d, 15 Hz,
H.C=), 45.5 (d, 15 Hz=CHSi), 9.8 (GMes), 2.2 (—SiMes). Anal.
Calcd for GoH3eSi:Rh: C, 54.77; H, 8.96. Found: C, 54.88; H, 8.99.

Preparation of [CsMesRh(C,H3SiMe,OEt),] (1b). The synthesis
follows the general method outlined for the synthesid@fComplex
1b was isolated after extraction with pentane and removal of all volatiles
as an orange-brown oil. Attempts to crystalliztb from pentane or
acetone were not successful. Compléwill react at room temperature
slowly to generatell and deactivation products and its instability
precludes elemental analysidd (300 MHz, 20°C, GsD12) 6 2.12 (dd,
11.5 Hz, 2.3 Hz, 2H), 1.05 (m, 4H), 1.66 (s, 15H), 0.16 (s, 6H), 0.10
(s, 6H), 3.61 (qg, 15 Hz, 2H), 3.62 (q, 15 Hz, 2H), 1.11 (t, 7.2 Hz, 6H);
13C (75.5 MHz, 20°C, GD1y) 6 97.4 CsMes), 47.9 (d, 13.5 Hz,
H.C=), 44.2 (d, 13.7 Hz=CHSi), 9.4 (GMes), 1.00 (-SiMe;), 17.9
(—OCH,CHj3), 58.2 (-OCH,CHa).

Preparation of [CsMesRh(C,H3Si(O'Pr)s),] (1c). The synthesis
follows the general method outlined for the synthesid@fComplex
lcwas isolated after extraction with pentane and removal of all volatiles
as a yellow oil. The material was pure at this stage by elemental

Preparation of 6. Complex6 was prepared by heating a solution
of 1a(0.06 g, 1.4x 10~* mol) and 10 equiv of vinyltrimethylsilane in
1 mL of cyclohexane for 2 weeks at 14Q in a glass tube with Teflon
plug. The volatiles were removed in vacuo, and the residue was
dissolved in acetone. The reaction mixture was cooled-20 °C.
Orange crystalline material was isolated which was suitable for X-ray
analysis: *H (400 MHz, 20°C, CDg) ¢ 1.92 (s, 15H), 1.22 (s, 1H),
0.18 (s, 3H), 0.37 (s, 3H), 0.19 (s, 9H), 0.21 (s, 9H), 0.23 (s, 9H), 4.69
(d, 16 Hz, 1H);*3C (100.6 MHz, 20°C, CDg) 6 94.8 (d, 6 Hz,Cs-
Mes), 11.9 (s, GMes), 11.2, 2.1, 1.3 (s), 3.7, 0.5;1.1 (s,—SiMey),
45.0 (d, 18 Hz), 43.5 (d, 15 Hz), 87.7 (d, 6 Hz), 90.0 (d, 9 Hz).

X-ray Structure Determination of 1c and 6. Data were collected
on a Siemens SMART diffractometer, using thescan technique. The
structures were solved by direct methods. Refinement was done by
full-matrix least squares with weights based on counter statistics. All
non-hydrogen atoms were refined anisotropically, while H atoms were
refined using a riding model. Crystal data and collection parameters
are given in Table 2. All computations were performed using the
NRCVAX suite of program§!

Preparation of Vinylalkoxysilanes. The substrates triisopropoxyvi-
nylsilane and dimethylethoxyvinylsilane are commercial and were used
as received. The general procedure for the synthesis of vinylalkoxysi-

analysis; however, NMR spectroscopy showed the presence of onelanes is analogous to the synthesis described below-frtoxydim-

minor isomer. Recrystallization from acetone gave a yellow material
which was suitable for X-ray crystallography and showed one isomer
by NMR analysis. In the solid forric was stored at 20C under argon.
Complex 1c will react in solution at room temperature slowly to
generate a mixture of isomers and eventually olgfamd decomposition
products:*H (300 MHz, 20°C, GiD1y) ¢ 3.23 (d, 18 Hz, 1H), 2.11 (d,
18 Hz, 1H), 2.01 (d, 15 Hz, 1H), 1.88 (d, 15 Hz, 1H), 0.66 (dd, 18, 15
Hz, 1H), 0.48 (dd, 15, 18 Hz, 1H), 4.22 (spt, 6 Hz, 3H), 4.32 (spt, 6
Hz, 3H), 1.72 (s, 15 H), 1.161.21 (- CHMe,, d, 6 Hz, 36H)23C (75.5
MHz, 20°C, GiD12) 0 97.4 (d, 4.2 HzCsMes), 49.1 (d, 13.6 Hz), 48.6

(d, 13.1 Hz), 39.5 (d, 14.3 Hz), 34.5 (d, 16.6 Hz), 65.0 (s, OCH), 65.2
(s, OCH), 25.9, 26.0, 26.1, 26.2, 26.2 (overlappin@HMe;), 9.8
(CsMes). Anal. Caled for GoHezOsSibRh: H, 9.03; C, 54.68. Found:
H, 8.98; C, 54.87.

Preparation of [CsMesRh(C;H3SiMe(OSiMes),),] (1d). The syn-
thesis follows the general method outlined for the synthesigaof
Complex1d was isolated after extraction with pentane and removal of
all volatiles as an orange-red oil. Attempts to crystalliddrom pentane
or acetone were not successful. NMR data for the major isortér:
(300 MHz, 20°C, CsDe) 0 1.96 (dd, 12 Hz, 4 Hz, 2H), 1.35 (d, 15 Hz,
2H), 0.91 (dd, 12 Hz, 15 Hz, 2H), 1.57 (s, 15H), 0.28 (s, 18H), 0.29

(59) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.;
Timmers, F. JOrganometallics1996 15, 1518.

(60) White, C.; Yates, A.; Maitlis, P. M.; Heinekey, D. Nhorg. Synth.
1992 29, 228.

ethylvinylsilane.

n-Butanol (5 g, 0.067mol) was added to 30 mL of tetrahydrofuran
and the mixture cooled to 0C. To this was added slowly a 2.5 M
solution ofn-butyllithium in hexanes (27 mL). The THF solution was
stirred fa 1 h while warming to 20C. To this was added slowly over
the course b1 h vinyldimethylchlorosilane (8.1 g, 0.067 mol). Close
to complete addition a white percipitate formed. The mixture was stirred
for 8—12 h and filtered, and the tetrahydrofuran was removed in vacuo
to leave a colorless oil that was further purified by distillation. All
vinylalkoxysilanes used here were prepared in this manner and were
pure by NMR spectroscopy and elemental analysis.

n-BuOSiMe,C;H3 (12): H (400 MHz, 20°C, GiDg) 6 5.84, 6.03,
6.20 (dd,—CH=CH,, 3H), 3.63 (t,-OCH,—, 2H), 1.57 (m, 2H), 1.44
(m, 2H), 0.95 (t,—CHs, 3H), 0.26 (s, 6H);}*C (100.6 MHz, 20°C,
CsDs) 0 138.6, 132.8 {CH=CH,), 62.5 (-OCH,-), 35.2, 19.3, 14.0
(=CsH7), —2.0 (~SiMey). Anal. Calcd: H, 11.46; C, 60.69. Found:
H, 11.64; C, 60.62.

EtMeCHOSIiMe,C;H3 (14): *H (400 MHz, 20°C, CiDs) 6 5.60,
5.82, 5.95 (dd;i-~CH=CH,, 3H), 3.58 (m,—OCH, 1H), 1.25 (m, 2H),
0.95 (d, 3H), 0.73 (t—CHs, 3H), 0.15 (s, 6H);'*C (100.6 MHz, 20
°C, GiDe) 0 139.6, 133.0 {CH=CH;,), 70.5 -OCH-), 33.1, 24.0,
10.6 —Me, —Et), —2.9 (—SiMe,). Anal. Calcd: H, 11.46; C, 60.69.
Found: H, 11.59; C, 60.71.

(61) Gabe, E. J.; LePage, Y.; Charland, J. P.; Lee, F. L.; White, P. S.
Appl. Crystallogr.1989 22, 384.
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t-BUCH,CH,0SiMe,C,H3 (16): H (400 MHz, 20°C, CDs) 6 5.80,
6.03, 6.20 (dd,—CH=CH,, 3H), 3.68 (t, —OCH,—, 2H), 1.55 (t,
—CH,—, 2H), 0.94 (s, 9H), 0.20 (s, 6H¥C (100.6 MHz, 20°C, CsDg)
0 138.5, 132.7 { CH=CH,), 60.0 OCH,—), 46.5 (~CH,—), 29.8
(—CMes), —2.0 (—SiMey). Anal. Calcd: H, 11.90; C, 64.45. Found:
H, 11.87; C, 63.50.

PhCH,CH,0SiMe,C;H3 (18): *H (400 MHz, 20°C, GDg) 6 7.15—
7.13 (m,—Ph, 5H), 5.80, 6.01, 6.17 (dd;CH=CH,, 3H), 3.81 (t,
—OCH,—, 2H), 2.86 (t, PR-CH,—, 2H), 0.19 (s, 6H)*C (100.6 MHz,
20°C, CiDg) 0 139.4, 133.0CH=CH,), 137.9, 129.4, 128.5, 126.4
(—=Ph), 64.3 £OCH,~), 39.8 (-CH,—), —2.0 (-SiMe;). Anal.
Calcd: H, 8.79; C, 69.84. Found: H, 8.86; C, 70.00.

PhCHMeOSiMe,C,H3 (20): H (400 MHz, 20°C, CsDg) 6 7.11—
7.25, 7.32 (m~Ph, 5H), 5.84, 6.03, 6.20 (de;CH=CH,, 3H), 4.88
(9, —OCHMe—, 1H), 1.42 (d, 3H), 0.19 (s, 3H), 0.15 (s, 3FAC (100.6
MHz, 20°C, GDg) 6 138.2, 132.8{ CH=CH,), 137.9, 128.5, 127.3,
125.8 (-Ph), 71.0 £ OCHMe~), 27.5 (-CH3), —1.4,—1.6 (—SiMey).
Anal. Calcd: H, 8.79; C, 69.84. Found: H, 8.84; C, 69.93.

PhCH,CHMeOSiMe,C,H3 (22): *H (400 MHz, 20°C, GiDg) 6
7.08-7.32 (m, Ph, 5H), 5.84, 5.95, 6.15 (dedCH=CH,, 3H), 3.95
(m, —OCH-—, 1H), 2.58-2.77 (m,—CHj, 2H), 1.17 (d,—Me, 3H),
0.18 (s, 3H), 0.08 (s, 3H)C (100.6 MHz, 20°C, GsDg) 6 139.8,
130.1, 128.5, 126.5 «Ph), 138.6, 132.7 {CH=CH,), 70.5
(—OCH-), 46.8 (~CHy), 24.1 (-CHjy), —1.6, —1.8 (—SiMe). Anal.
Calcd: H, 9.15; C, 70.85. Found: H, 9.26; C, 71.12.

Me,CHOSIiPh,C;H3 (24): *H (400 MHz, 20°C, GD¢) 6 7.22 (m,
4H), 6.71 (m, 6H), 5.43, 5.62, 6.05 (desCH=CH,, 3H), 3.65 (m,
—OCH-—, 1H), 0.71 (d,—Me, 6H); 13C (100.6 MHz, 20°C, C;Ds) 6
135.5, 135.0, 128.1 «(Ph), 136.6, 130.1 {CH=CH,), 66.3
(—OCH-), 25.9 (~Me). Anal. Calcd: H, 7.51; C, 76.07. Found: H,
7.61; C, 75.92.

PhCH,CH;NHSiIMe,C,H3 (26): *H (400 MHz, 20°C, CiDs) 0
7.28-7.45 (—Ph, 5H), 5.90, 6.12, 6.35 (d&;CH=CH,, 3H), 3.19 (q,
—NHCH,—, 2H), 2.83 (m, 2H), 0.72 (t, broad, 1H), 0.29 (s, 6MC
(100.6 MHz, 20°C, GiDg) 6 140.7, 129.4, 128.7, 126.4-Ph), 139.9,
131.8 (- CH=CH,), 44.1 - NHCH,—), 41.9 (-CH,—), —1.3 (-SiMe).
Anal. Calcd: H, 9.32; C, 70.18. Found: H, 9.48; C, 70.37.

Lenges et al.

Hydrogen—Deuterium Exchange ReactionsAll H/D exchange
reactions were conducted in purified, degassed solvents in either sealed
NMR tubes (J-young tubes) or thick-walled Kontes flasks sealed with
Teflon screw caps. All conditions are clearly indicated in the text and
Tables +3. Samples were monitored by bdth NMR and*C NMR
spectroscopies. When necessary, internal sealed capillaries containing
ferrocene were used as integration standards.

Procedure for Catalytic Transfer Hydrogenation. Complex 1a
(0.01 g, 2.3x 107° mol) was dissolved in the appropriate amount of
neat alkoxyvinylsilane (see Table 4, | and Il), which was added by
weight in a drybox. The vessel was closed with a Teflon plug and the
reaction mixture heated to 14C for the indicated time in an oil bath.
The solutions remained yellow-orange and homogeneous throughout
the reaction. After being cooled to room temperature, the vessel was
opened and the product analyzed directly #y and *C NMR
spectroscopy. In all cases, with the exceptioribf(see text), NMR
analysis showed only the presence of starting material and silyl enolate-
(s) and traces of catalyst. Conversions of39% were observed using
column I, Table 4 conditions fo8, 10, 13, 19, 21, and23. Vacuum
transfer allowed easy separation from catalyst and access to rhodium-
free silyl enolates.
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