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Oxidation of Tertiary Silanes by Osmium Tetroxide
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In the presence of an excess of pyridine ligand L, osmium tetroxide oxidizes tertiary silanes (EtsSiH, PrsSiH,
PhsSiH, or PhMe,SiH) to the corresponding silanols. With L = 4-tert-butylpyridine (Bupy), OsO4(Bupy) oxidizes
Et;SiH and PhMe,SiH to yield 100 £ 2% of silanol and the structurally characterized osmium(VI) u-oxo dimer
[0sO,(Bupy)a]o(u-0) (1a). With L = pyridine (py), only 40—-60% vyields of R;SiOH are obtained, apparently because
of coprecipitation of osmium(VIIl) with [Os(O)py-la(u-O). (1b). Excess silane in these reactions causes further
reduction of the Os¥' products, and similar osmium “over-reduction” is observed with PhSiHs, BusSnH, and boranes.
The pathway for OsOy4(L) + R3SiH involves an intermediate, which forms rapidly at 200 K and decays more slowly
to products. NMR and IR spectra indicate that the intermediate is a monomeric Os"'-hydroxo-siloxo complex, trans-
cis-cis-0s(0),L,(OH)(OSIiR3). Mechanistic studies and density functional theory calculations indicate that the
intermediate is formed by the [3 + 2] addition of an Si—H bond across an 0=0s=0 fragment. This is the first
direct observation of a [3 + 2] intermediate in a o-bond oxidation, though such species have previously been
implicated in reactions of H-H and C—H bonds with OsO4(L) and RuQ.,.

Selective oxidations ofr bonds are both practical and provides mechanistic insight into an interesting class of
fundamental goals in current chemistry. In particular, the o-bond oxidations.
conversion of G-H bonds selectively to COH groups has The activation ofg bonds can occur by a variety of
long been a “holy grail” of catalysisSilanes have often  mechanisms. Among the fundamental reactions of organo-
been used as imperfect models for the less-reactive alkanesnetallic chemistry are the additions ofX to a metal center
in reactions of transition-metal complexesReported (oxidative addition), to an MZ bond @-bond metathesis),
here are stoichiometric oxidations of-Sil bonds in tertiary or to an M=Z x bond ([2 + 2] cycloaddition)* High
silanes to BSIOH by OsQ(L) (L = 4-tert-butylpyridine oxidation state metal complexes can also oxidizeHCand
(‘Bupy) or pyridine (py)). Although there are better methods

to prepare silanold,this reaction extends the scope and (3) (a) Rochow, E. G.; Gilliam, W. Rl. Am. Chem. Sod941, 63, 798.
(b) Barnes, G. H.; Daughenbaugh, N.EAm. Chem. S0d.966 42,
885. (c) Chandrasekhar, V.; Boomishankar, R.; Nagendra@h&m.
*To whom correspondence should be addressed. E-mail: mayer@ Rev. 2004 104, 5847-5910.

chem.washington.edu (J.M.M.), borden@unt.edu (T.B.). (4) (a) Crabtree, R. HThe Organometallic Chemistry of the Transition
* University of Washington (UW). Metals, 3rd ed.; Wiley: New York, 2001. Selected examples: (b)
TUW Crystallography facility. Northcutt, T. O.; Wick, D. D.; Vetter, A. J.; Jones, W. D.Am. Chem.
8 University of North Texas. Soc.200], 123 7257-7270. (c) Zhao, J.; Goldman, A. S.; Hartwig,
(1) (a) Shilov, A. E.; Shul’'pin, G. BActivation and Catalytic Reactions J. F.Science2005 307, 1080-1082. (d) Campian, M. V.; Harris, J.
of Saturated Hydrocarbons in the Presence of Metal Complexes L.; Jasim, N.; Perutz, R. N.; Marder, T. B.; Whitwood, A. C.
Kluwer: Boston, 2000. (bjctivation and Functionalization of €H Organometallics2006 25, 5093-5104 and references therein. (e)
Bonds Goldberg, K. I., Goldman, A. S., Eds.: ACS Symposium Series Cundari, T. R.; Klinckman, T. R.; Wolczanski, P. J. Am. Chem.
885; American Chemical Society: Washington, DC, 2004. (c) Crab- Soc.2002 124, 1481-1487. (f) Sadow, A. D.; Tilley, T. DJ. Am.
tree, R. HJ. Chem. Soc., Dalton Trang2001, 2437. (d) Limberg, C. Chem. So0c2003 125 9462-9475.
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Chart 1. [3 + 2] Mechanisms for EH and Alkene Oxidatiorfs known to undergo oxidative addition anebond metathesis
2 E O~ P \\C/ 0 with tra_nsition-metal c_ompounds. _ _ _

LnM<’\‘ |L| — LM H LDM\\{\ | — LM i We find that the oxidation of tertiary silanes to silanols

o] o~ o' K o by OsQ(L) in the presence of excess ligand proceeds via
aSee refs 814. an intermediate, 40),0s(OSiR)(OH), which is the formal
product of [3+ 2] addition of the Si-H bond across an

othero bonds by hydrogen atom transféhydride transfe?, 0O=0s=0 unit. Mechanistic and computational studies
or direct insertior. indicate that the intermediate is formed by al{2] pathway.

Alkane oxidation by ruthenium tetroxide has been sug- Although intermediates of this kind have been proposed in
gested to proceed via the [B 2] addition of a C-H bond the oxidations of H and alkanes by tetraoxo metal
across an &Ru=0 unit (Chart 1 This mechanism, in complexes$;*14 this is the first direct observation of such
which no new bonds to the metal are formed, is analogous a species in a-bond oxidation.
to the now widely accepted pathwepr alkene dihydroxy-

lations by OsQ (right side of Chart 1}° It appears to be Results

the favored pathway for alkane oxidations by R&#®and The reaction of 1 equiv of a tertiary silane (Ph@éH,
perhaps Osg? and for reactions of kHwith RuQ,, MnO,~,13 EtSiH, 'PrSiH, or PhRSiH) with OsQ in CD,Cl; in the
and OsQ.!4 presence of a pyridine ligand in excess formRBiOH and

Reactions of silanes with osmium tetroxide have not [OSOx(L)2]2(u-O),* (eq 1). In the absence of a pyridine

previously been reported, although recent papers describe o

reactions of silanes with rhenium-oxo complexes that are Il b
novel hydrosilation catalyst&:1°A [2 + 2] pathway has been O’Of\\:oo vh R’SI\;*R' - M
suggested for some of these reactions based on the observa- L o o
tion of a rhenium hydride intermediate and on density T N
functional theory (DFT) calculation$.Silanes are also well- H'S'\;‘R' vk L/O"S\O/cﬁs\L
0 o)
(6) gg ZGOaérg_n;crﬂlé A.; Kuehnert, L. L.; Mayer, J. Nhorg. Chem1997, L= NC/>_é (1a), NC/> (1b)

(7) cf.: (a) Kim, M.; Mulcahy, J. V.; Espino, C. G.; Du Bois, Q@rg.

IEJetrEj Zgggn% éml\?];lo;?n gn&] fegfnreg?gn thsecf)f;iff)‘é S(bl)zg'alfiss%hgndfay ligand, OsQ s still rapidly reduced by BER'SiH in CD.Cl,,

N , R.; New , M. . . g . . ..

13777. (c) Coliman, J. P.; Chien, A. S.; Eberspacher, T. A.: Brauman, but a black insoluble material forms and no silicon produgts
J. 1.J. Am. Chem. S0d.998 120, 425-426. are observed. Thus, our studies have focused on reactions

®) ((S; gal':'l:e' j ,’\‘A/' E”Z’Eaug' AA' g' E,Eys' 8”9" gﬂeﬁggg g' 2%' in the presence of either py éBupy.

akke, J. M.; Frghaug, A. B. Phys. Org. Che \ . . .

(c) See also: Coudret, J. L.; Zoellnér, S.; Ravoo, B. J.; Malara, L.;  |. OsO4 + L. The addition of pyridine bases to Os@
HaniSChY C, Dorre, K, de Meijere, A, Waegell,'Betl’ahedron Lett. or anlc Solvents |S We”_known to form eIIOW O o
1996 37, 2425-2428 and references therein. (d) The {3 2] g | 28,19 Monitoi the f i/ f iﬁ( )
mechanism was discussed much earlier (though not favored) for alkane COMPIEXes (eq ¥ onitoring the formation o

oxidations by chromic acid: Wiberg, K. B.; Foster, &.Am. Chem.

Soc.1963 83, 423-429. K

(9) (a) DelMonte, A. J.; Haller, J.; Houk, K. N.; Sharpless, K. B.; 0sQ, + L = 0sQy(L) )
Singleton, D. A.; Strassner, T.; Thomas, A. A. Am. Chem. Soc.
%g%g%}%ﬁ%%g%%%% e(Ib) St?-sslznrgﬁ@du' S{Igg-gggmcfggggg OsQy(L) in CHCl, at 25°C by optical spectroscopy yields
36, 645-651. AR o ' ' KL = 166+ 20 M for Os_q(tBupy) anq 26+ 3 M‘.l for

(10) S)g zcglz, ;4 Eg;(\t/);alrg:N_ieuwean;lze, M.LS.;bSha/&pIES%hKOmPg%ng.SI;% OsQy(py) (see the Experimental Section). The literature

, . riegee, Rlustus Liebigs Ann. Che 1

75. (c) Criegee, R.; Marchand, B.; Wannowius Jdstus Liebigs Ann. Value_s for OsGIpy) are 34+ 2 M™* in MeCN and 79#: 7
Chem.1942, 550, 99. (d) Sundermeier, U.; Titer, M.; Beller, M. In M™% in toluene!® 'H NMR spectra of CBCl, solutions

Mgiergogj_idgﬂggtgelthggfzégk"a”' J. B, Bd;; Wiley-VCH, New  containing Os@and exces#upy or py show only one set
(11) Drees, M.; Strassner, J. Org. Chem2006 71, 1755-1760. of resonances for the organic base, even at 200 K. Thus, the

(12) (a) Bales, B. C.; Brown, P.; Dehestani, A.; Mayer, J.JMAm. Chem. exchange of bound and free ligand is fast on the NMR time
S0c.2005 127, 2832-2833. (b) Mayer, J. M.; Mader, E. A.; Roth, J. |
P.; Bryant, J. R.; Matsuo, T.; Dehestani, A.; Bales, B.; Watson, E. J.; scale.
Osako, T.; Valliant-Saunders, K.; Lam, W. H.; Hrovat, D. A.; Borden,

W. T.; Davidson, E. RJ. Mol. Catal. A: Chem2006 251, 24—33. (16) (a) Ison, E. A.; Trivedi, E. R.; Corbin, R. A.; Abu-Omar, M. N.
(c) Osako, T.; Watson, E. J.; Dehestani, A.; Bales, B. C.; Mayer, J. Am. Chem. So005 127, 15374-15375. (b) Du, G.; Abu-Omar,
M. Angew. Chem., Int. EQR006 45, 7433-7436. M. M. Organometallic006 25, 4920-4923. (c) Ison, E. A.; Corbin,
(13) (a) Collman, J. P.; Slaughter, L. M.; Eberspacher, T. S.; Strassner, T.; R. A.; Abu-Omar, M. M.J. Am. Chem. So2005 12711938-11939.
Brauman, J. lInorg. Chem.2001, 40, 6272 (b) Earlier work on (d) Tan, H.; Yoshikawa, A.; Gordon, M. S.; Espenson, J. H.
MnO4~ + Hy: Just, G.; Kauko, Y. ZPhys. Chem1911 76, 601. Organometallics1999 18, 4753-4757.
Halpern, JAdv. Catal. 1957 9, 302. Webster, A. H.; Halpern, Jrans. (17) Griffith, W. P.; Rosetti, R. JJ. Chem. Soc., Dalton Tran$972 53,
Faraday Soc1957, 53, 51. 1449.
(14) Dehestani, A.; Lam, W. H.; Hrovat, D. A.; Davidson, E. R.; Borden, (18) Griffith, W. P. Osmium. IrComprehensie Coordination Chemistry
W. T.; Mayer, J. M.J. Am. Chem. So2005 127, 3423-3432. Wilkinson, G., Ed.; Pergamon: New York, 1987; Vol. 4, pp 519
(15) (a) Kennedy-Smith, J. J.; Nolin, K. A.; Gunterman, H. P.; Toste, F. 633.
D.J. Am. Chem. So2003 125 4056-4057. (b) Nolin, K. A.; Ahn, (19) Nelson, D. W.; Gypser, A.; Ho, P. T.; Kolb, H. C.; Kondo, T.; Kwong,
R. W,; Toste, F. DJ. Am. Chem. So@005 127, 12462-12463. (c) H.-L.; McGrath, D. V.; Rubin, A. E.; Norrby, P.-O.; Gable, K. P;
Chung, L. W.; Lee, H. G.; Lin, Z.; Wu, Y.-DJ. Org. Chem2006 Sharpless, K. BJ. Am. Chem. S0d.997, 119, 1840-1858. See also
71, 6000-6009. ref 10.
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Figure 1. ORTEP diagram of 1a with 50% probability ellipsoids.
Hydrogen atoms are omitted for clarity.

II. Reactions of OsQ, + R,R'SiH + Pyridines. The
addition of 100 mM RR'SiH to a yellow equimolar solution
of OsQ, in CD,Cl; and 0.4-1.0 M py or ‘Bupy forms a
pinkish-brown solution rapidly at 200 K. Excess ligand was
used to ensure that essentially all of the"®sn solution
was present as Os(Q). The color change is due to an
intermediate that is discussed below. Within hours at 200 or
298 K, the color of the solution turns brown and the silanol
and osmium products are formed (eq 1). The reactions
proceed similarly in CBCl,, CDCl;, acetoneds, and toluene-
ds. When excess silane was used, Q&Pwas converted to
black insoluble material and no silicon-containing products
were identifiable. This is most likely due to further reduction
of the O¥' products by the silane (as observed in independent
experiments).

The tertiary silanol, ESiOH, is the only observed silicon
product in the Os@iL) oxidations of PhMgSiH, E&SiH,
'PrSiH, and PBSiH. The silanols were identified By and
BC{H} NMR, including spiking with authentic samples.
With ‘Bupy as the ligand, quantitative yields of Phj8&OH
and EtSiOH were obtained (10& 2%). In contrast, using
py as the ligand gave lower yields, which never exceeded
75%; e.g., PhMgSIOH, 64 + 10%; ESIiOH, 44 + 5%;
'PrSIiOH, 524 5%; PhSiOH, 61+ 10%. In these cases,
the final reaction mixtures contained ®®OH and unreacted
silane, which together accounted for all of thgSi4 present
initially.

The OsQ/'Bupy reactions yield a single osmium product,
the u-oxo O¢" dimer [OsQ(‘Bupy)].(«-O). (1a, eq 1).
Complex la is analogous to the well-known pyridine
derivative [OsQ(py)z]2(u-O). (1b), first prepared by Griffith
in 197217 It has been characterized spectroscopically and
by an X-ray crystal structure (Figure 1, Tables 1 and 2). The
diffraction data were of below-average quality, probably due
to partial loss of CHCI, from the crystal, and refinement
required that the thermal parameters for nine atoms be
constrained to positive values. Still, the osmium complex is
well-defined, and its structural parameters are similar to those
of 1b?° and a related OsffBupy)-heterobimetallic com-
plex?! Complex 1a was independently prepared by the
reduction of Os@'Bupy) with ethanol, following the
procedure fodb.” The'H and*3C{*H} NMR spectra, which
showed one set dBupy resonances, are the same far

(20) Galas, A. M. R.; Hursthouse, M. B.; Behrman, E. J.; Midden, W. R.;
Green, G.; Griffith, W. PTrans. Met. Chem1981, 6, 194-195.

(21) Audett, J. D.; Collins, T. J.; Santarsiero, B. D.; Spies, GJHAmM.
Chem. Soc1982 104, 7352-7353.
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Table 1. Crystallographic Data foLa

Valliant-Saunders et al.

formula C;2H54C|12N406052

fw 1526.77

T(K) 130 (2)

2 (A) 0.71073

space group P2,/c

a(A) 12.2650 (13)

b (A) 23.736 (3)

c(A) 21.737 (3)

f (deg) 114.251 (7)

V (A3) 5769.7 (12)

Z, Deaica (Mg m—3) 4,1.758

6 range for data 2.11-28.37

collection (deg)

index ranges —12=<h=<15
—3l=<k=27
—29=<1=<28

u (mm™1) 5.001

reflns collected/unique 15 030/10 865

Rint 0.1176

Params/restraints 607/54

Ri [l > 20(1)]2 0.087

R:° (all data) 0.216

GOF (onF?) 0.994

ARy [I > 20()] = JIIFol — IFI/3|Fol.*Re (all data) =

{(ZIw(Fo? = FAF/ S W)}

Table 2. Selected Bond Distances (A) and Angles (deg) far

Os(1)-0(1) 1.740(11)  Os(2O(5) 1.745(13)
0s(1)-0(2) 1.743(13)  Os(2)0(6) 1.756(13)
0s(1)-0(3) 1.939(13)  Os(BO(4) 1.966(13)
0s(2)-0(3) 1.989(13)  Os(2)0(4) 1.977(12)
Os(1)-N(1) 2.209(14)  Os(2)N(3) 2.120(18)
Os(1)-N(2) 2.221(18)  Os(2)N(4) 2.156(16)
O(1)-Os(1-0(2)  161.9(5)  O(I}Os(1-N(1)  81.5(6)
N(1)-Os(1-N(2)  89.3(5) O(1)0s(1)-0(3)  95.3(6)
O(3)-0s(1)-0(4)  80.5(5) O(3y0s(2)-0(4)  80.0(6)

whether prepared with silanes (eq 1) or with ethanol. IR
spectra of the different samples bd are also identical and
are very similar to the IR spectrum ab.

When pyridine is used as the ligand, all of the osmium
precipitates at the end of the reaction, leaving a colorless
supernatant. The precipitate was originally thought to be pure
1b since its IR spectrum in KBr antH NMR spectrum in
CDs;OD were similar to those of an authentic sample (which
is only soluble in CROD). However, the incomplete
conversion of the silane should have left some yellow £sO
(py) in the supernatant. Vigorous stirring of the isolated
precipitate in fresh CkCl, gave a yellow solution, the IR
spectra of which showed a characteristic (@) band at
909 cntl. Adding RSiH to this yellow solution caused
further production of ESiOH andlb. These results suggest
that the precipitate is a mixture of or a complex betwibn
and some O4' species such as Og@y). This coprecipi-
tation could remove the oxidant from the solution and thus
account for the low yields of silanol. WitBupy, all of the
osmium compounds are soluble and the conversion to
R,R'SIOH is quantitative.

Ill. The Intermediate. The addition of the colorless silane
to a yellow solution of OsEiL) rapidly forms a pinkish-
brown intermediate, Os(@)(OH)(OSiIRR') (Chart 2). The
nature of this intermediate and its formation and decay have
been studied by NMR at 200 K. Phi&H is a particularly
convenient substrate because the methyl signals are distinct
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Chart 2
o) R
t;03<8;3iw§ 2a: L = ‘Bupy, SiR,R' = SiMe,Ph
| 2b: L = py, SiR,R' = SiEt,
o]

for the silane, silanol, and intermediate, whereas for other
silanes, overlapping resonances are obselfed.

H NMR spectra of the intermediate from Php#éH, Os-
(O).L2(OH)(OSiMePh) (2a), at 200 K in CRCI, show one
set of PhMeSi peaks, a broad singlet at 8.2 ppm, and two
sets of'Bupy peaks (Figure 2). The relative integration of
these resonances was constant throughout the formation and
decay of2a, and nuclear Overhauser effect cross-p&aks
were observed between resonances of different pyridines,
indicating that all of these resonances result from the same

Figure 2. H NMR spectrum oRa at 200 K; a (green)= OsQy('Bupy)/
‘Bupy (peaks at 1.2 and 7.3 also have contributions frda).

species. The bourtBupy ligands do not exchange with free
‘Bupy on the NMR time scale at 200 K. The silyl methyl
groups appear as a singlét@.12), indicating that they are
equivalent and that a proton is not attached to the silicon
center. (Free PhM8&iH shows a doublet for the methyl
groups atd 0.29 with 3Jyq = 4 Hz.) The'H NMR and
parallel*3C{*H} NMR results indicate that the structure of
2ahas a single plane of symmetry, which makes the silicon
substituents equivalent but leaves #Bepy ligands inequiva-
lent. The data thus indicate th2d is trans-cis-cis-Os(O)L ,-
(OH)(OSIRy) (Chart 2).

The broad'H NMR resonance ab 8.2 ppm is assigned
to the OH ligand in2a. Exchange between this singlet and
the water peak at 2.0 ppm was shown by'ta NMR
exchange spectroscopy (EXSY) spectfaiat 250 K. (The
water resonance was confirmed in all experiments by spiking
because its chemical shift was variable.) In a reaction of the
deuterated silane PhM®ID, the 6 8.2 signal was not
observed in @aH NMR spectrum taken 2 min after mixing
at 250 K, though all of the other peaks f2a were present.
After 8 min, thed 8.2 resonance had grown in and an EXSY

and the water singlet. Thus the hydrogernyad.2 derives
from the silicon hydride and exchanges with water, support-
ing its assignment as a hydroxide ligand. The chemical shift
of 8.2 ppm is reasonable for a hydroxide ligand and would
be unusual for an osmium hydride resonaffda. OsH(OH)-
(CO)(PBu;Me),, for instance,d(OsH) = —27.2 anddOs-
(OH) = 4.092%

Similar intermediates are formed in all of the silane
reactions. With ESiH and pyridine as the ancillary ligand,
theH NMR spectra show inequivalent py ligands and ethyl

resonances that do not have diastereotopic methylene hy—q_ ) o )
side). Reactions initiated at 298 K show complete formation

(22) Braun, S.; Kalinowski, H-O.; Berger, 300 and More Basic NMR
Experiments: A Practical Cours&/ CH: New York, 1996; pp 326
341.

(23) (a) Renkema, K. B.; Bosque, R.; Streib, W. E.; Maseras, F.; Eisenstein,
O.; Caulton, K. GJ. Am. Chem. S0d.999 121, 10895-10907. (b)
Wilton-Ely, J. D. E. T.; Wang, M.; Honarkhah, S. J.; Tocher, D. A.
Inorg. Chim. Acta2005 358 3218-3226. (c) Esteruelas, M. A;;
Hernandes, Y. A.; Lgez, A. M.; Olivan, M.; Orate, E.Organome-
tallics 2005 24, 5989-6000. (d) Sellmann, D.; Prakash, R.; Heine-
mann, F. W.J. Chem. Soc., Dalton Tran2004 3991-3996. (e)
Sanchez-Delgado, R. A.; Rosales, M.; Esteruelas, M. A.; Oro, L. A.
J. Mol. Catal. A: Chem1995 96, 231-243.

Figure 3. Time course of a reaction of Og(Bupy) (117 mM), PhMg-
SiH (117 mM), andBupy (322 mM) in CBCl,, at 200 K from 0 to 1000
s and at 298 K from 1200 s onward, showing PhSiel (@, blue),2a (1,
red), and PhM£SIOH (0, yellow).

drogens. Thus, a similarans-cis-cis-Os(O}py»(OH)(OSIES)
structure 2b) is implicated. In the reaction of ESiH, OsQ-
(py), and py in pentane at 200 K, intermedidteprecipitates
as a pink solid. This pink material has the sathieNMR
spectrum as in situ generated, and its IR spectrum (KBr)
displays a broad band at 3379 chfor the OsOH group.

Solutions of the isolated pink solid, under the same conditions

of excess pyridine as the reaction, decay on the sanfe 1

. : h time scale at 298 K as that observed in the reaction
spectrum showed faint cross-peaks between this resonance . . : o
mixtures. Thus, the isolated pink material is both spectro-

scopically consistent and kinetically competent to be the

intermediate in the reaction of Og@y) with ESiH.

Attempts to grow crystals of this material have not been

successful.

The intermediates form very rapidly at 200 K, then slowly

decay tola/lb and RSIiOH. In a reaction of PhM&iH and
OsQ (both 117 mM) and excess mNBupy in CD,Cl,, 2a

is ~80% formed after 2 min at 200 K and completely formed

after 6 min (Figure 3). After warming to 298 K2a
uantitatively converts to PhM®8iOH andla (Figure 3, right

of 2awithin 2 min and some conversion to Php#&OH and
laat 3 min. The formation ofa at 200 K occurs at a rate

of ~8 x 104 M st and, assuming second-order behavior

(and zero-order ifBupy under these saturating conditions),
the rate constant is ca. 70M~! s7* at 200 K. The initial
rate of formation oRa at 200 K was essentially the same in
CD.Cl,, (CDs),CO, and GDsCDs; despite the differing
polarity of these solvents. An analogous reaction in £CI
showed complete formation @&a within ~2 min at 250 K.
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Table 3. Calculated Energies, Enthalpies, and Free Energies (kcal
mol~1) of Products and Transition Structures, Relative to Q$CR3SiH

AE AH2%8 AG?
OsQy + SiHa
Os(O)(OSiHs)(OH) -52.8 —49.0 —40.2
[3 + 2] transition state 8.7 8.2 18.1
Os(O}(H)(OSiHs) -1.5 0.2 9.1
[2 + 2] transition state 43.1 43.0 53.2
Os(OX(SiHz)(OH) —4.0 -0.9 8.8
[2 + 2] transition state 62.2 60.5 67.7
OsQ; + MesSiH

Os(O}(OSiMes)(OH) —63.5 —60.0 —51.4
[3 + 2] transition state 4.4 4.0 131
Os(O}(H)(0SiMey) -12.4 —-10.9 -2.8
[2 + 2] transition state 33.6 34.4 42.9
Os(O)(SiMes)(OH) -14.1 —-11.0 -1.7
[2 + 2] transition state 55.0 53.9 61.8

Reactions with py instead éupy, at similar concentrations,
proceeded at comparable rates.

The decay oRa, generated in situ, was monitored at 298
K by bothH NMR and UV-vis spectroscopies. Both the
IH NMR data ([Os]= 8.4—-25 mM) and UV~vis spectra
([Os] = 2.3—38 mM) indicate that the decay @& is second
order. Plots of 124 vs time from NMR data yieldky =
0.025+ 0.009 M! s71, in good agreement with thiey =
0.030+£ 0.007 M s~ value derived from global analysis
of the UV—vis spectra usingSpecfit?* Preliminary data
suggest that an excess of pyridine slows the conversi@n of

to 1. These data are consistent with a monomeric intermediate

undergoing hydrolytic condensation to gite and PhMe-
SiOH.

IV. Reactions with Other Reducing Agents.OsQy(py)
and OsQ('Bupy) react rapidly with BgSnH, 9-borabicyclo-
[3.3.1]nonane (9-BBN), and pinacolborane at 200 K in,CD

Cl,, exhibiting color changes within seconds and producing

insoluble black material over 1 h. The reaction of Ph§SiH
with OsQy(py) at 298 K in CRCl; is similar. No boron, tin,

silicon, or organic products could be identified in the complex
IH NMR spectra of reaction mixtures. Reactions of isolated

la and 1b with these reducing agents similarly formed
insoluble black materials within 30 min. Such “over-

reduction” was also observed, as noted above, when more

than 1 equiv of BSiH was mixed with OsgjL).
OsQy(L) does not react witln-heptane, cyclohexane, or

methylcyclopentane, under air or in air-free conditions, in

CD,Cl, or CDCk, and at 298 or 323 K. The solutions did
not change color, and no products were observedHby
NMR. SiMeg, is similarly unreactive. Hexamethyldisilane
(MesSiSiMe;) does react with OsIBupy). After 24 h at
298 K in CD,Cl,, three new e resonances were observed

in the 'H NMR spectrum. These product(s) have not been

identified (MgSiOSiMe was not present).
V. Computational Studies. The reactions of Ospwith
SiH, and MeSiH were studied at the B3LYP level of DFT.

The methodology was essentially the same as that used in

our previous study of the reaction of Og@ith H,.1* Details

are given at the end of the Experimental Section. Computed 26)
gas-phase reaction energies and enthalpies at 298 K are
shown in Table 3, and optimized geometries and absolute
energies in hartrees are given in the Supporting Information.
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The [3+ 2] additions of HSi—H and MgSi—H to OsQ
in the gas phase are predicted to be very exothermic and
to proceed with low barriers. For M8iH, AH* = 4.0 kcal
mol™2.

The addition of an StH bond in a [2+ 2] fashion across
an Os=0 bond can occur in two different orientations, to
make a hydride-siloxide Os(gfH)(OSiRs) or a silyl-
hydroxide Os(O)OH)(SiRs). The formation of both types
of [2 + 2] addition products is computed to be enthalpically
much less favorable than the formation of the {3 2]
addition products. Consequently, the barriers calculated for
the formation of the [2+ 2] addition products are much
higher than the barriers calculated for the formation of the
[3 + 2] addition productg®

Discussion

OsQy(L) complexes rapidly oxidize the SH bond in
tertiary silanes, forming a siloxide intermediate, which decays
to silanol and the O% u-oxo dimersla or 1b (eq 3). At
~100 mM concentrations, silane oxidation is complete within

ﬁ ' L— (") /O—Siflr:,‘R
Ogcis“:oo +L +R’S'\I;,F* — L/cIJIs\OH A
L 0o ,
c')-H L— CI? 00— Il —L @)
— ,SI;IH + ' I_/O"s\o/(l)ls\L
R (0] o

minutes at 200 K. This is a quite rapid oxidation af &ond,
particularly since Os@is predominantly known for its
oxidations of 7 bonds?® These results extend previous
experimental and computational studies of H and C-H
o-bond oxidations by Osg?*4and RuQ.8*1**Non-tertiary
silanes, boranes, afiBusSnH also react rapidly with Os©
(L), but the osmium is apparently reduced beyond'@sd
a complex mixture of oxidation products is formed. Similar
over-reduction apparently occurs when tertiary silanes are
present in excess over OgQvhich would appear to limit
the catalytic applications of these reactions. ¢{sreacts
slowly with MesSiSiMe; (1 day at 298 K), and no reaction
has been observed with & or alkanes in CECI, solution.

All of the OsQ(L) + RsSiH reactions proceed via an
intermediate ), which is the product of net [3- 2] addition
of the Si-H bond across an©0s=0 unit and the binding
of a second pyridine ligand (eq 3). Such an intermediate has
been suggested in+H and C-H oxidations by OsGiL)

(24) Binstead, R. A.; Zubeitiler, A. D.; Jung, BSpecfit version 3.0.36
(32-bit Windows); Spectrum Software Associates: Chapel Hill, NC,
2004.

25) Our previous study found that the kinetic and thermodynamic

preference for [3+ 2] over [2+ 2] product formation was similar for

both OsQ and OsQ(L),** so we did not perform calculations on QsO

(L) reactions for this study.

(a) References 10 and 18. (b) Qs@xidations of C-H bonds in

alcohols and amines are thought to involve prior coordination of the

substrate: (c) Toyoshima, K.; Okuyama, T.; Fuena].TOrg. Chem.

198Q 45, 1600-1604. (d) Singh, H. S.; Singh, V. P.; Pande, D. P.

Chem. Scr1977 12, 166-170.
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Scheme 1. Mechanisms of Silane Oxidation by Og0)

o Relf
_ ||S/o---§i£R
Il ~o---H L
[3+2] o _ \
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L [2+2] L _O. . L Ll _o-siug
— e + - . LSi
O/OIS\\OO R’S'\RR B e ST e L= ~on YR
L o~ i o
H* transfer L 2
[0sO3(L)OH] + *SiR, L

H® transfer
[0sO4(LYOH]® + ®SiR,

and RuQ but had not previously been obsenfd: 14 It is (PPh),, and in part on that basis suggested a-{22]
more easily observed in this system because of the rapidmechanism of silane addition to an=R@® unit5€In the
initial reaction, whereas the +HH and C-H additions are chemistry reported here, the observed intermediate is the
slower than the decay of the intermediate. DFT calculations product of [3+ 2] addition, but this could be formed by [2
show that the [3t+ 2] addition of RSi—H bonds to Os®is + 2] addition and 1,2-hydride migratich’®

very exothermic:AH°= —60 kcal mof* for R = Me. This DFT calculations have been quite definitive in distinguish-
is perhaps not surprising, since silanes are thermodynamicallying [2 4+ 2] vs [3 + 2] mechanisms, for both alkene and
strong reducing agents and Qs® a good oxidant. o-bond oxidation$:1*14 On this basis, the previous studies

The key mechanistic question is how the intermediate is of H—H and C—H bond oxidations by Os{and RuQ were
formed. Following Collman et @f2and our previous study  suggested to proceed via{32] pathways. DFT calculations
of H, addition}* four types of pathways can be envisioned are similarly definitive for the oxidations of silanes described
(Scheme 1). The SiH bond could be cleaved by hydrogen here. AH* for [3 + 2] addition of M&Si—H to OsQ is

atom abstraction, hydride transfer, or 42 2] or [3 + 2] computed to be 4 kcal mol whereas the most favorable [2
mechanism§5° 811162730 Very recently, ozonation of SiH ~ + 2] pathway hasAH* = 34 kcal mot?. The low barrier
bonds has been suggested to occur by a 1,3-dipolar insertiorcalculated for the [3+ 2] path is consistent with the
mechanism closely related to the §32] pathway?’ observations of silane oxidation by osmium tetroxide within

H-atom transfer, to make thé&iRs radical, is a common  minutes at 200 K. For §8iH and OsQ(L) in CD.Cl,, the
reaction of silaned} and many metal-oxo complexes are rough estimate ok ~ 101 M1 s 1 implies AG* ~ 12 kcal
good H-atom abstractoP3.However, the observation that molt. OsQyL) likely reacts by a [3+ 2] path because it is
the reactions are unaffected by G&blvent or the presence  strongly oxidizing and has four oxo groups, whereas the
of CBr, rules out this pathway. ESi reacts with CCj to rhenium(V) complexes examined by Toste and Abu-Omar
make E4SiCl at close to the diffusion limitk = (4.6 & may use the redox-neutral {2 2] addition because they are
0.8) x 10° M~ s 2.2If Et3Si were formed in these reactions, not very oxidizing and have only one or two oxo grodp¥
Et3SiCl would have to be formed because@.1 M osmium
species could not react faster than 10 M £CI Conclusions

The hydride transfer pathway involves charge separation

at the transition state and forms charged intermediates such 1€ reaction of Os@L) (L = 4-Bupy, py) with tertiary
as silyl cationg*® This path should therefore be very silanes produces silanols and the osmium(VI) dimers [Os-

sensitive to solvent polari§P43 However, the rate of  (O)L2l2u-O)(1). This extends the knownrbond oxidation

formation of the intermediate is not discernibly different in reactivity of OsQ from H—H and C-H to Si—H bonds.

CD.Cl,, acetone, or toluene at 200 K. This indicates that B—H: Sm—H, and S-Si bonds were also observed to be
hydride transfer is an unlikely mechanism. reactive. Many of these reagents, includingSRi when it

The [2 + 2] and [3+ 2] pathways are often difficult to i; in excess, gppear_to further red_uce_ th¥' @Epduct, which
distinguish experimentally, as evidenced by the extensive limits the utility of this OsQ(L) oxidation of silanes. When
. . . ) !
debate over the mechanism of alkene oxidation by ©s0 OSQ(Bupy) is used, BEIH and PhMeSiH are quantita-
(L).>10 Toste et al. observed a hydride intermediatetly ~ Uvely converted to ESIOH and PhMESIOH, respectively.
NMR (Oren 6.60) in the reaction of silanes with R®)- The silanol yields are significantly lower-60%) when
pyridine is the supporting ligand, apparently due at least in
(27) Cerkovnik, J.; Tuttle, T.; Kraka, E.; Lendero, N.; Plesnicar, B.; Cremer, part to coprecipitation of O8' with [OsOx(py)2]2(1-O)2.

D. J. Am. Chem. So2006 128 4090-4100. ; : e ;
(28) (a) Chatgilialoglu, COrganosilanes in Radical Chemistry: Principles, OsQyL) reacts with RSiH within minutes at 200 K to

Methods and ApplicationsViley: New York, 2004. (b) Chatgilialoglu, ~ form an intermediate, 10s(O»(OSiRs)(OH) (2), which is

C. Chem. Re. 1995 95, 1229, iti ;
(29) Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. @. Am. Chem. Soc. thi product of net [3+ 2] addition .O.f an S+H bond tO. an
1082 104, 5123-5127. 0O=0s=0 group followed by addition of a second ligand
(30) ((s)) \?V?]rtey, F. ?; (T:reg_ptter, H. S.EAVrU. Cshem. 30%9;?& 90, (2:?178- (eq 3). Mechanistic studies rule out Bnd H™ transfer as
Itmore, . C.] Fletrusza, kt. ., oommer, L.HAM. em. . . . . .
Soc.1947 69, 2108, the Si-H bond cleaving step, since §|Iyl radicals are not
(31) Stewart, RJ. Am. Chem. S0d.957 79, 3057-3061. trapped by CClor CBr, and the reactions do not proceed
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faster in more polar solvents. Gas-phase DFT calculations 0OsO4(py) + py + EtsSiH. These reactions in CIZl, deposited

indicate that the [3t+ 2] additions of silanes to OsCare
very exothermic and proceed with very small barriers. In
contrast, [2+ 2] additions are computed to have high barriers

and to be roughly thermoneutral. The computational results,

together with the mechanistic experiments, implicate &[3
2] mechanism for silane oxidation by osmium tetroxide.

Experimental Section

Caution! OsQ, is volatile, a strong oxidant, and highly toxic. It

a precipitate which was identified as in large part [Q§®)2]2(u«-
0), (1b) by comparison with an authentic sampléH NMR (CDs-
OD): 8.77 (m, 2H, 6.5 Hz), 7.94 (m, 1H, 6.5 Hz), 7.53 (m, 2H,
6.5 Hz). IR (KBr) : 875 (m), 835 (s, 80s=0), 645, 447 (s, Os
(#-0O)y). IR for 1b from OsQ(py) + py + EtOH (KBr): 875
(m), 833 (s), 640 (s), 445 (S).

0sO4('Bupy) + PhMe,SiH. An NMR tube was charged with
400 uL of a 117 mM OsQ solution (0.1488 g, 0.585 mmol in 5
mL CD.Cl,) and 20uL of ‘Bupy (to make a 322 mM solutionjH
NMR (200 K): 8.36 (d, 6.0 Hz, 2H, py), 7.35 (d, 6.0 Hz, 2H, py),

is very hazardous to eyes, lungs, and skin and should be handled1.22 (s, 9H!Bu), 4.0 (s, 2H, HO). PhMeSiH (29uL of a cooled

with great care

0OsQ, (Colonial Metals) was sublimed before use. Pyridine and
4-putylpyridine (Aldrich) were dried over CagHand vacuum-
transferred before use. GEl, was dried using a Seca Solvent
System (GlassContou#j. Silanes, silanols, BSiCl, PhMeSiCl,
BusSnH, 9-BBN, pinacolborane, hexamethyldisilane, protio solvents
(Aldrich, ACROS organics, or Fisher), and deuterated solvents
(Cambridge Isotope Laboratories) were used as received. £hMe
SiD was prepared from PhM®iCl and excess LiAIR33 Reactions
were conducted under air in Norell XR-55 thin-walled NMR tubes
unless otherwise stated. Solution transfers typically used VWR
pipettors.

IH NMR spectra were acquired on a 500 MHz Bruker spec-
trometer (for kinetics) or on a DRX 499 spectrometer (for spectra
at 200-250 K). Spectra are reported as chemical shifmultiplic-
ity, Jun, No. protons) relative to TMS by referencing the residual

solution, 0.2450 g in 5 mL CECl,, 1.798 M) was added to the
NMR tube at 77 K. The mixture was thawed, shaken, and reinserted
into the spectrometer. AH NMR spectrum was acquired after 2
min, followed by*3C{1H} NMR and COSY spectr& A subsequent
EXSY spectrur? at 250 K indicated exchange between peaks at
0 8.2 (s) and 2.8 (s) witk = 80 s (EXSVY,ag).3* 1aformed during
the acquisition of the NMR spectra. After 24 h at room temperature,
the yield of PhMgSiOH was 100+ 2% by integration vs a
calibrated capillary standard (M@i in CD,Cl,). Spiking with an
authentic sample confirmed the identity of Phi8sOH.

NMR spectra of OsO,('Bupy),(OSiMe,Ph)(OH) (2a) (in the
presence oBupy, from the procedure above)d NMR (CD,Cl,,
200 K): 8.44 (d, 6.5 Hz, 2H, py), 8.41 (d, 6.5 Hz, 2H, py), 7.37
(d, 7.0 Hz, 2H, py), 7.22 (d, 6.0 Hz, 2H, py), 1.25 (s, 18Bu),
7.42 (d, 7.5 Hz, 2H, Ph), 7.34 (m, 1H, Ph), 7.15 (m, 2H, Ph), 0.124
(s, 6H, Si(CH),), 8.1 (OsOH); also, 2.8 (s, ). 3C{H} NMR

solvent peak. IR spectra were recorded on Perkin-Elmer 1720 Or (CD,Cl,, 200 K): 165.7, 165.0, 149.5, 149.3, 122.8, 122.6 (py);

Bruker Vector 33 FT-IR spectrophotometers, with KBr pellets or
CHCI, solutions, and are reported in ctn GC-MS data were
acquired on a Hewlett-Packard 5971A/5890, with identification
using both Wiley07 and NISTO5 libraries. W\Wis spectra were

34.85, 34.73 CMe3); 30.16, 30.12 (Me3); 142.6, 134.0, 128.5,
127.4 PhMe;Si); —3.9 (PiMeSi).

Other 'H NMR reactions followed the procedure above and
are described in the Supporting Information. TheNMR yields

acquired at room temperature in a capped 1 cm path quartz cell Et:SIOH and iPrSIOH were verified by GC/MS using a

using a Hewlett-Packard 8453 WWis spectrophotometer. El-
emental analysis was performed by Atlantic Microlab, Inc.

Ky for OsOy(L). A 3 mL cuvette was charged with 40 of an
OsQ, solution (64.2 mg in 5 mL CKCl,) and 2.96 mL of CHCI,
([OsQy] = 0.673 mM). After an initial spectrunifax= 320 nm),
py was added in microliter increments and Ywis spectra were

acquired until the maximum absorbance was reached. Half of the

absorbance change occurred at [pyB8.5 mM. The experiment
was repeated at [OsD= 6.73 mM. Plots of A — Ag)/(Amax — Ao)
vs free [py] (M) gave straight lines indicatiffeq = 26 + 3 M1
for OsQy(py). Similar titrations were done féBupy with [OsQ]
= 0.773, 3.87, 7.73, and 64.5 mM in GEl,, yielding K; = 166
+20 ML

[OsO,(‘Bupy)2]2(1-0)2) (1a). A vial was charged with 10@L
of an OsQ(‘Bupy) solution (41.5 mg Osf0.163 mmol, 163.3
mM; 100 uL of ‘Bupy, 0.676 mmol, 677 mM in 1 mL C}l,)
and then 66:L of a PhMeSiH solution (0.1685 g PhM&iH, 1.24
mmol, 0.247 M in 5 mL of CHCI,). After 2 h at 298 K andgtanding
overnight at~248 K, a brown precipitate formed, which was

isolated by decanting the mother liquor and drying under a stream

of N, while still cold. '"H NMR (CD,Cl,): 8.73 (d, 6.5 Hz, 2H,
py), 7.42 (d, 6.5 Hz, 2H, py), 1.31 (s, 9tBu). 13C{*H} NMR
(CD.Cly): 292.1, 149.2, 122.3 (py); 35.2€e3); 30.85 (QVie;).
IR (CH,CIy): 840 (v Os=0), 693 ¢ u-O). Elemental Anal. (C, H,
N) Calcd: 42.5,5.12, 5.51. Found: 42.9, 5.24, 5.51.

(32) (a) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Fosen, R. K;
Timmer, F. J.Organometallics 1996 15, 1518-1520. (b) http:/
www.glasscontour.com/index.html.

(33) Sommer, L. H.; Frye, C. L1. Am. Chem. S0d96Q 82, 4118-4119.
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calibration curve.

Os(O)h(py)2(OSiEts)(OH) (2b). OsQ, (21.1 mg, 83umol, 16
mM), and py (14uL, 173 umol, 35 mM) in 5 mL of pentane was
cooled to~200 K, and a separate cooled solution o3t (14

uL, 88 umol, 18 mM) in 5 mL pentane was added dropwise over

1 h. The fluffy pink material that formed was isolated by decanting
the excess pentane and drying with. NH and 3C{1H} NMR
spectra in CDGJ(250 K) and CDRCl, (200 K) were identical within
0.01 ppm to those observed f2b from OsQ(py) + Et:SiH. A 'H
EXSY spectrur®? at 230 K showed exchange between the singlet
ato 8.2 ppm and the pD peak aty 2.1 ppm.

Kinetics of OsOy('Bupy) + PhMe,SiH. Following the procedure
above, reactions of Osd119-122 mM), ‘Bupy 731 mM), and
PhMeSiH (119-122 mM) in CD,Cl,, (CD3),CO, and GDsCDs
were monitored byH NMR at 200 K. Initial rates of formation of
2awere (7 3) x 10*M st (8+2) x 10*M s 1, and (9+
3) x 104 M s, respectively, derived from the integrals for\dy-

Si vs those of a TMS capillary. The reactions were warmed to 298
K in the spectrometer and monitored for 1 h. Plots oR&}[vs
time were linear, yieldindgt = 0.028+ 0.009, 0.03%: 0.008, and
0.026+ 0.009 Mt s7%, respectively. A separate set of eight NMR
experiments monitored the decay 24, using 8.4-25 mM OsQ

in 400 uL of CD,Cl, (using a stock solution of 0.1488 g Os(D

5 mL of CD,Cl,) and'Bupy (60uL, 863 mM). After the initial*H
NMR spectra were obtained, 10 of PhMe,SiH was added to

(34) (a) Zolnai, Z.; Juranic, N.; Vikic-Topic, D.; Macura, $.Chem. Inf.
Comput. Sci200Q 40, 611-621. (b) Lu, J.; Ma, D.; Hu, J.; Tang,
W.; Zhu, D.J. Chem. Soc., Dalton Tran$998 2267-2273.
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each tube ([PhMsSiH] = 136 mM) and 100 spectra were acquired
over ~100 min. Plots of 124] vs t yieldedky = 0.025+ 0.01
M~1s71, UV—vis kinetic data were obtained similarly ([Os}
2.25-37.9 mM) and fitted to a 2A— B model with Specfif*
yielding ky = 0.030+ 0.007 M1 s71,

Crystal Structure of [0OsO,('Bupy)z].(u-O). (1a). A single
crystal of 1a was obtained from a reaction of Og®upy) and
PhMeSiH in CH,CI, at 273 K and was mounted with paratoNe-
oil (Exxon). X-ray data acquired at143 °C had Ry = 0.118,
indicating that the data were of less than average qualityav.
0.07). The low crystal quality may be due to loss of some of the
CH,CI; of crystallization, as there are six such molecules in the
unit cell, or to an unresolved twinning. Indexing and unit cell
refinement indicated space gro®2;/c (No. 14). The data were
integrated and scaled usimdg-SCALEPACK Solution by direct
methods §IR97 produced a complete heavy-atom phasing model.
All non-hydrogen atoms were refined anisotropically by full-matrix

all other atoms. Vibrational frequencies were calculated for all
stationary points, to verify whether each was a minimum (NIMAG
= 0) or a transition state (NIMAG= 1) on the potential energy
surface. The wavefunctions for all calculated species were checked
for stability, with respect to the unrestricted (UB3LYP) wave
functions.
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Supporting Information Available: Crystallographic data for

least-squares analysis. All hydrogen atoms were located using a13, additional'H NMR experiments, IR spectra, and kinetic data.

riding model. To complete the refinement of this noisy data, the

This material is available free of charge via the Internet at

thermal parameters were constrained to positive values for atomshty://pubs.acs.org.

01, C5, C14, C17, C23, C27, C29, C38, and C39 (with 6 per atom
there were 54 restraints).

Computational Methodology. Using Gaussian03° DFT at the
Becke3LYP (B3LYP) leveP was used to optimize the geometries
of all compounds. The effective core potentials of Hay and Wadt
with a double-valence basis set (LanL2BZ)ere used to describe
the Os aton¥® whereas the 6-31G(d,p) basis sét was used for

(35) Frisch, M. J. et alGaussian03Gaussian, Inc.: Pittsburgh, PA, 1998.
Complete reference in Supporting Information.

(36) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. (b)
Becke, A. D.J. Chem. Phys1993 98, 5648. (c) Stephens, P. J;;
Devlin, F. J.; Chabalowski, C. F.; Frisch, M.J.Phys. Chenil994
98, 11623.

(37) (a) Hay, P. J.; Wadt, W. R. Chem. Phys1985 82, 270. (b) Wadlt,
W. R.; Hay, P. JJ. Chem. Physl985 82, 284. (c) Hay, P. J.; Wadlt,
W. R.J. Chem. Phys1985 82, 299.

1C062468U

(38) Selected examples of the successful use of B3LYP/LanL2DZ for Os
compounds: (a) Torrent, M.; Sola, M.; Frenking, Ghem. Re. 200Q
100, 439-494. (b) Liang, B.; Andrews, LJ. Phys. Chem. 2002
106, 4042-4053. (c) Deubel, D. VJ. Am. Chem. So2004 126,
996-997. (d) Gobetto, R.; Nervi, C.; Romanin, B.; Salassa, L.;
Milanesio, M.; Croce, GOrganometallic2003 22, 4012-4019. (e)
Grey, J. K,; Butler, I. S.; Reber, Gnorg. Chem.2004 43, 5103~
5111. (f) Ferrando-Miguel, G.; Gerard, H.; Eisenstein, O.; Caulton,
K. G. Inorg. Chem.2002 41, 6440-6449. (g) Castarlenas, R;;
Esteruelas, M. A.; Gutierrez-Puebla, E.; Jean, Y.; Lledos, A.; Martin,
M.; Onate, E.; Tomas, Drganometallic200Q 19, 3100-3108.

(39) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Physl972 56,
2257. (b) Hariharan, P. C.; Pople, J. Fheor. Chim. Actd 973 28,
213 (c) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S;
Gordon, M. S.; Defrees, D. J.; Pople, J. A.Chem. Physl1982 77,
3654. (d) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer,
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