Inorg. Chem. 2007, 46, 10850—10859

Inorganic:Chemistr

* Article

Mechanism of the MoO ,Cl,-Catalyzed Hydrosilylation: A DFT Study
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A detailed mechanistic study of the hydrosilylation of benzaldehyde catalyzed by MoO,Cl, is reported. On the basis
of DFT calculations (B3LYP/6-311++G**), a reaction pathway via initial silane activation is proposed. SiH and CH
activation energies by other metal-oxo compounds like RuO,, OsO,4, and MnO,~ are compared to MoO,Cl,. MO4-
type metal-oxo compounds follow a different mechanism, forming highly exergonic intermediates, which prevent a
catalytic reaction, whereas MoO,Cl, prefers a reaction pathway via thermoneutral intermediates.

Introduction Scheme 1. Catalytic Hydrosilylation as Reported by Romao ét al
. . . . . cat. [MoO,Cl,] H

~ The hydrosilylation reaction is a very convenient and el il R-C-0-SiMe,Ph

important way of introducing silylated groups into organic "H  PhMe,SiH, CH,Cl, H

compounds. Organosilicon compounds are used in large o
quantities and are of industrial importance. There are many 3cheme 2. ' Meta-oxo (MOX.)-Catalyzed Hydrosilylation of
applications known, for example, in polymer chemistr. Y P
It is well-known that transition metals like platinum(0) are OH
able to catalyze the addition of silanes to alkenes and are XoM~-SiRs
effective in creating carbessilicon and silicor-oxygen B*y “ R
bonds*6

However, quite recently an unconventional catalytic activ-
ity of high-valent metal-oxo compounds like Rg¢(®Ph),,” \ /
ReO(hoz),2 or MoO,Cl,*1% in the hydrosilylation of alde- [2+2] 0
hydes and ketones was reported in the literattirs,
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Mechanism of the MoQCl,-Catalyzed Hydrosilylation

Scheme 3. Possible Reaction Pathways for the M@&D-Catalyzed Hydrosilylation via Initial Silane Activation (Blue Feasible Pathway According
to This Study)

Table 1. Activation Barriers and Relative Energies of Intermediates for the Oxidative Addition of @il CH, to Different Metal-oxo Compounds
(in kcal/mol; B3LYP/6-311#+G**; bold = Preferred Pathway)

SiH transition state intermediate transition state intermediate

4 AH¥(2+2) AG*(2+2) AH; (2 + 2) AGi(2+2) AH*(3+2) AG*(3+2) AH; 3+ 2) AG;i (3+2)
MoOCl, +25.8 +35.8 -7.2 +1.0 +36.9 +46.7 -3.0 +3.9
MnO4~ +28.5 +37.5 +8.1 +15.3 +2.6 +11.3 —68.5 —62.0
RuQ, +39.3 +48.0 —-1.4 +5.5 +5.3 +13.5 —70.2 —63.2
OsQy +37.6 +46.1 -3.0 +4.2 +11.9 +20.4 —47.3 —40.5
CH transition state intermediate transition state intermediate

4 AH¥ (2+2) AGF(2+2) AH; (2 + 2) AG;i(2+2) AH*(3+2) AGF(3+2) AH; (3+2) AG;i(3+2)
MoO,Cl, +88.5 +97.0 +31.6 +39.7 +70.8 +79.0 +36.2 +43.9
MnO4~ N/A2 N/A2 +53.3 +60.8 +33.8 +38.6 —-20.2 -13.2
RuQ, +108.7 +116.0 +34.3 +42.1 +22.6 +30.9 —-34.1 —-26.4
OsQy +110.1 +117.5 +33.4 +41.4 +33.6 +41.9 —-10.2 -2.7

aEvery transition state search lead to the-£3 transition state, which is an indication for an even higher energy of the missir®j fansition state.

The most prominent one is a-{2] cycloaddition of the like SiH, and HSiIMe, they could not distinguish between
silane to a hydride intermediate, followed by the addition of the different possible pathways (including radical pathways)
the carbonyl substrate. However, as known from the CH on the doublés level of theory??

activation by metal-oxo compounds, aH3] pathway via a
hydroxide intermediate might be possible as well. For the
catalysis observed by Toste et dla,thorough DFT study
by Wu et al?* concluded that the hydrosilylation at REO

We are generally interested in the catalytic activity of
metal-oxo compounds and have already investigated the
activation of CH bonds by related metal-oxo compounds like

(PPh), indeed proceeds via an initial 2] mechanism. A permanganatéor ruthenium tetraoxidd and continued our

metathesis-like mechanism was initially proposed for the WOrk also in the area of SiH activation by ehetal-oxo
ReOy(hoz) and ReO(L)(hoz) complexes but it was later ~ COMPounds, comparing the {2] and [3t2] reaction
shown to be unfavorabR.A quite recent article on the Pathways for Ru@ OsQ, MnO,”, and MoQCl; in the
molybdenum system by Calhorda et al. took into account oxidation of SiH and CH (Scheme 2).

different mechanisms including solvent effects but did not

include the experimentally used silanes. Using model silanes 5y costa, p. J.: Romao, C. C.; Ferandes, A. C.. Royo, B.: Reis, P. M.;

Calhorda, M. JChem—Eur. J. 2007, 13, 3934-3941.
(21) Chung, L. W.; Lee, H. G.; Lin, Z.; Wu, Y.-DJ. Org. Chem2006 (23) Strassner, T.; Houk, K. N. Am. Chem. So@00Q 122 7821-7822.
71, 6000-6009. (24) Drees, M.; Strassner, J. Org. Chem2006 71, 1755-1760.
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Drees and Strassner

Figure 1. Transition state3 S;-» ([2+2] pathway) andl S;-3 ([3+2] pathway), bond lengths in angstroms.

Scheme 4. Free-Energy Plot of the Possible Pathways for the Catalytic Hydrosilylation of Benzaldehyde with- Sititial Silane Activation (Blue
= Most Feasible, All Energies Relative to the Starting Materials)

For the molybdenum catalyst, an initiaH2] addition of very high barrier of around 55 kcal/moAG*) for both
the silane to the molybdenum catalyst is postuldtédut silanes, which explains the need for a catalyst for this
the role of the carbonyl compound remained uncté&n reaction. We also compare our study to the work of Wu et
the basis of triplés DFT calculations (B3LYP/6-3H+G**), al?' and their results for Ref{PPh), as the molecular
we present a detailed study of the different pathways for catalyst as well as our tripl&results to those on the douhie-
this hydrosilylation reaction. We analyze the role of both level of theory?? at the end of the results and discussion
reactants and their interaction with the catalyst, distinguishing section.
between the initial addition of the carbonyl compound Computational Details. All of the calculations were
the silane in the system MaOlI,/SiH,/PhCHO. We also performed withGaussian 0% using the density-functional/
calculated the preferred pathway for the experimentally used Hartree-Fock hybrid model Becke3LY#® 2° and the split
dimethylphenylsilane (PhM8iH). For comparison, we also  valence tripleZ (TZ) basis set 6-31t+G** 3031 for carbon,
calculated the uncatalyzed hydrosilylation of bezaldehyde hydrogen, oxygen, silicon, and manganese. The Stuttgart/
by SiH, or Me;PhSiH, which was found to proceed via a Dresden 1997 ECPwas used for molybdenum, ruthenium,
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Mechanism of the MoQCl,-Catalyzed Hydrosilylation

Scheme 5.
Coordination)

Competing Pathways via Initial Carbonyl Activation at the M@D Catalyst (Blue= Most-Feasible Pathway for the Initial Carbonyl

Table 2. Relative Enthalpies, Free Energies, and QCISD(T) Energies (in kcal/mol) for the@®sOatalyzed Hydrosilylation of PhACHO with SiH
via Initial SiH Activation at MoQCl, (Blue = Preferred Mechanism; All Energies Are Given Relative to the Starting Materials)

TS1-2 2 TSi-3 3 TSp-4 TS3-4 4 TSs-5 TSy-5 pl’OdUCtS1
AHP 25.8 7.2 36.8 —-3.0 5.8 —-4.0 —30.6 —-11.8 11.6 —21.7
AGP 35.8 1.0 46.7 3.9 27.8 17.4 —10.6 11.3 34.8 —13.3
AE® 21.6 —5.7 40.4 11.9

aPhCHOSIiH; (5) + MoO,Cl,. P B3LYP/6-31H-+G**. ¢ QCISD(T)/6-311+G**//B3LYP/6-311++G**.

and osmium. No symmetry or internal coordinate constraints by the absence of negative eigenvalues in the vibrational
were applied during optimizations. Where possible, QCISD- frequency analysis. Transition-state structures (indicated by
(T)3 energy calculations were run on the DFT-optimized TS) were located using the Berny algoritfnuntil the

structures (QCISD(T)/6-311+G**// B3LYP/6-311++G**).
All of the reported intermediates were verified as true minima

(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y., Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian 03revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(26) Lee, C. Y., W.; Parr, R. GPhys. Re. B 1988 37, 785-7809.

(27) Vosko, S. H. W. L.; Nusair, MCan. J. Phys198Q 58, 1200-1211.

(28) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(29) Stephens, P. J. D., F. J.; Chabalowski, C. F.; Frisch, M. Phys.
Chem.1994 98, 11623-11627.

Hessian matrix had only one imaginary eigenvalue. The
identity of all of the transition states was confirmed by IRC
calculations and by animating the negative eigenvector
coordinate withMOLDEN?® and GaussView®

Approximate free energiedG) and enthalpiesAH) were
obtained through thermochemical analysis of frequency
calculations, using the thermal correction to Gibbs free
energy as reported bgaussian 03This takes into account
zero-point effects, thermal enthalpy corrections, and entropy.

(30) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys.
198Q 72, 650-4.

(31) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P.J. R.
Comput. Chem1983 4, 294-301.

(32) Andrae, D.; Haeussermann, U.; Dolg, M.; Stoll, H.; Preusghéor.
Chim. Actal99Q 77, 123-41.

(33) Pople, J. A.; Head-Gordon, M.; Raghavachari) KChem. Physl1987,
87, 5968-75.

(34) Schlegel, H. BJ. Comput. Chenil982 3, 214-218.

(35) Schaftenaar, G.; Noordik, J. B.. Comput.-Aided Mol. Desigh00Q
14, 123-134.

(36) Dennington Il, R.; Keith, T.; Millam, J.; Eppinnett, K.; Hovell, W.
L.; Gilliland, R. GaussView 3.0%emichem, Inc.: Shawnee Mission,
KS, 2003.
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Figure 2. Transition statel Sy-4 (stepwise mechanism) ards,-5 (concerted mechanism), bond lengths in angstroms.

Figure 3. Intermediate4 and transition stat@Ss-s, bond lengths in angstroms.

Table 3. Relative Enthalpies and Free Energies (B3LYP/6-B+5G**, possible. The activation of the SiH bond can be accomplished
in kcal/mol) for the Hydrosilylation of PhCHO with SiHvia Initial in 82]]2’ ;
Carbonyl Activation at Mo@Cl, (Blue = Preferred Mechanism; All at the metal center and one Of.the oxygens | eaction
Energies Are Given Relative to the Starting Materials) or via two oxygens ([3-2] reaction). The carbonyl compound

7 TSes TSes 8 TSws TSee O products then reacts with the corresponding intermediate (Scheme 2).
A —73 161 201 133 306 4Ll 109217 To compare barriers for the SiH and CH activation, we
AG® 37 384 328 258 523 642 32.5-13.3 first studied the reaction of CHand SiH, with MoO.Cl,
and compared the results to the calculated activation energies
of other metal-oxo compounds (Og@RuQ,, and MnQ").
All of the energies reported in this article, unless otherwise '€ energies for the {22] and [3+2] transition states and
noted, are free energies or enthalpies at 298 K, using unscaledtérmediates for Sidand CH are summarized in Table 1.
frequencies. The results are discussed in the light of a recent The results given in Table 1 show that for the M&gents
article on the QM assessment of catalytic cyéfeall of the [3+2] reaction pathway is the preferred mechanism for
the transition states are maxima on the electronic potentialthe CH and for the SiH activation reactions, in agreement
energy surface, which may not correspond to maxima on With a recent article on the oxidation of silanes by Q30

a PhCHOSiH; (5) + MoO.Cls.

the free-energy surface. The calculated free-energy differences between tRe2]2
and the [3-2] transition state are smaller for the oxidation
Results and Discussion of SiH, compared to the CHoxidation, with a difference

As mentioned above, all of the previously postulated ©f UP {0 85 kcal/mol. Of course, the higher energies for the
mechanisms propose an initial SiH activation. In analogy to methane act|vat_|on are in good agree_:ment W'th the exper-
the CH activation, two different reaction pathways are mentally known inertness of methane in comparison to,SiH
In the case of Mo@Cl,, things are different. Here, the
(37) Kozuch, S.; Shaik, SI. Am. Chem. So@006 128 3355-3365. [2+2] mechanism is the preferred reaction pathway for the

10854 Inorganic Chemistry, Vol. 46, No. 25, 2007



Mechanism of the MoQCl,-Catalyzed Hydrosilylation

Figure 4. Transition statel Sg-g and subsequent intermedideatomic distances in angstroms.

Scheme 6. Free-Energy Plot of the Possible Pathways for the Catalytic Hydrosilylation of Benzaldehyde with- Siititial Carbonyl Activation
(Blue = Most Feasible, All Energies Relative to the Starting Materials)

SiH activation, thermodynamically as well as kinetically. Its ~ The stability of the [32] intermediates of the SiH
transition state is 10 kcal/mol lower in energy compared to activation by MQ compounds prohibits a catalytic reaction
the [3+2] activation barrier. The [22] hydride intermediate ~ as proposed in Scheme 2, whereas the calculated barriers
is also slightly less endergonic than theH& molybdenum  and the energy of the {22] intermediate of the MogCl,
hydroxyl compound. Although both transition states are oxidation are in good agreement with what would be
very high in energy, the CH activation mediated by MeO  expected for a catalytic reaction.

Cl; shows a kinetical _preference for th_eﬂz] me_chanism, SiH,/M00 ,Cl,—CH,CHO

whereas the comparison of the two intermediates reveals

that the [2-2] hydride species is less endergonic by 4 kcal/  We therefore analyzed the MgOl,-catalyzed hydrosily-
mol. lation of benzaldehyde with initial SiH(1) activation

Inorganic Chemistry, Vol. 46, No. 25, 2007 10855
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Figure 5. Transition statel Sg-5 (concerted hydrosilylation) an@iSg-¢ (Si—H activation at Me-02), atomic distances in angstroms.

Figure 6. Benzaldehyde-MogLl, 7 and hydrosilylation transition stafES;-4, atomic distances in angstroms.

(Scheme 3). Competing pathways via initial carbonyl coor-  The calculated energies for these pathways are given in
dination are discussed later (Scheme 5). Table 2, whereas a plot of the free energies is found in
The [2+2] pathway via the four-membered cyclic transi- Scheme 4. Where possible, we added QCISD(T) single-point
tion stateTS;-, leads to the metal hydride adduzt The calculations to get the most accurate energies. The single-
alternative [3-2] mechanism via transition stat€S;-s point energies confirm that the{22] mechanism is favored.
produces the hydroxyl intermediade The formation of the ~ The [3+2] and the [2-2] transition statesTS;-» and
hydrosilylation produch can proceed via different pathways. TS;-3) are plotted in Figure 1.
One is the concerted addition of the carbonyl compound via A possible tautomerisation between intermediéesd
a six-memberedT(S,-5) or seven-membered transition state 3 has also been considered. However, from the calculated
(TSs-s5) without coordination of the carbonyl group to the activation energiesAG* = 34.0 kcal/mol for B3LYP/6-
catalyst. An alternative mechanism requires the interaction 311++G** relative to 2) of this reaction, this hydrogen
of the carbonyl oxygen atom with the metal center. For both transfer can be ruled out because the competing transition
intermediatesd — TS,-4 and3 — TS3-4), this reaction step  statesTS,-4 or TS3-4 are all lower in relative free energies
involves the transfer of the former silyl hydrogen to the (Table 2). Starting from intermediat&and 3, the direct
carbonyl carbon, leading to the same intermedidte  formation of the hydrosilylation produ&occurs via cyclic
Elimination of the hydrosilylation produ&from the catalyst  transition states. The seven-membered cyclic transition state
via TS, - s is the final step of this reaction pathway. TSs-5 leading from intermediat8 to the product could not

10856 Inorganic Chemistry, Vol. 46, No. 25, 2007



Mechanism of the MoQCl,-Catalyzed Hydrosilylation

Scheme 7. Free-Energy Plot of the Possible Pathways for the Catalytic Hydrosilylation of Benzaldehyde withSPHMB3LY P/6-31H+G**)

be localized on the energy hypersurface, although we gotcarbonyl G=O bond to one of the M&O double bonds
close enough to rule out that a pathway over the preceding(intermediate8 via TSg-g). From adduc®, the silane can be
transition stateTS;-3 and thenTSs-5 is not a reasonable  activated via a cyclic transition staf€Sz-4 to form inter-
pathway, according to our results. mediated (Figure 3). The four-membered cyclic intermediate

The concerted reaction pathway via the intermediate 8 can react with the silane via two different concerted
hydride 2 with a barrier of 33.8 kcal/molT(S,-s, Figure 2) reaction pathways. A [22] addition at the former carbonyl
is higher in energy compared to a stepwise hydrosilylation bond (TSg-5) directly leads to the hydrosilylation product
pathway via intermediat2 (TS,-4, AG*(barrier)=26.8 kcall 5, Alternatively, the silane can also react with the remaining
mol, Figure 2), which requires coordination of the carbonyl Mo—0O double bond TSg-¢) to form the molybdenum
function. hydride specie®.

Intermediatet (Figure 3,AG(rel) = —10.6 kcal/mol) is Table 3 reports the energies of the relevant intermediates

almost as exergonic as the final produci€(rel) = —13.3 and transition states of the h - :
ydrosilylation pathways, starting
kcal/mol). Both Mo-O bonds (Me-O1 and Mo-O3) can with the coordination of the carbonyl compound to the

be considered single bonds with bond lengths of about 1.88 : . N
A. The hydrosil Izgtion carries on with theg transfer of the catalyst (intermediaté andT Ss-5 are already given in Table
' y y 2). The plot in Scheme 6 illustrates the relative energies of

silyl group from O1 to O3 via another four-membered ring . . -
in TS.s (Figure 3, AG'(barrier) = 21.9 kcal/mol). By all of the pathways starting with the coordination of the
carbonyl group to the catalyst.

separating from the catalyst MgOl,, the product PhCH } o ]
Although the formation of the endergonic intermedi8te

OSiH; is formed, completing the catalytic cycle. g ’
(AG(rel.) = +25.8 kcal/mol, Figure 4) only requires an
C¢H-CHO/M0O ,Cl, = SiH, activation energy of 32.8 kcal/mol via the2] transition
state TSg-g (Figure 4), the following transition states
Another possibility is the initial coordination of the (TSs-s or TSg-9, Figure 5), leading from8 into both
carbonyl component (benzaldehy@ to the metal-oxo hydrosilylation pathways, require activation energies that are
catalyst, leading to different pathways for the hydrosilylation higher AG*(barrier)= 26.5 kcal/mol,TSs-s5 // AG*(barrier)
process (Scheme 5). We consider two different routes: = 38.4 kcal/mol,TSg-¢) than the barrier for the cleavage of
formation of the simple adduator a [2+2] addition of the 8, leading back to the starting materialsG*(barrier)= 7.0

Inorganic Chemistry, Vol. 46, No. 25, 2007 10857
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Scheme 8. Free-Energy Plot of the Possible Pathways for the Catalytic Hydrosilylation of Benzaldehyde wit(BSitY P/6-311++G**)

kcal/mol). Therefore, according to our DFT calculations, a  The silane, which (together with benzaldehyde) was used

reaction via intermediat8 is highly improbable. in the experiments by Romao et &lis a sterically more
The reaction pathway starting by the initial activation of demanding compound (PhM&iH). We calculated all of the

the carbonyl compound, which presumably could lead to the pathways described above for this silane, but because most

hydrosilylated product, is the sequence [starting materials of the structures are comparable to the Sisults, we

(1 and6) — adduct7 (Figure 6)— TSy-4 — intermediatet decided to put them into the Supporting Information (we

— TS5 — product §)]. The formation of7 must have a  added an additional letter a to the numbers to differentiate

very low barrier; no transition state could be calculated for the pPhMmeSiH structures from the SiHstructures). In

the addition. The silane reacts wiltvia the cyclic transition  gcheme 5, free energies of the three most feasible pathways

stateT S7-4 (Figure 6). '_I'he silyl group add_s directly to MgO (18— TS1a 20— 28— TSpa- 4a—48—TSaz-5a—5a/ 18—TS1a0 20—

Cl,, whereas the activated hydrogen is transferred to the 28— TSpa-5a—5a/ 6—T—TS7- sa—4a—TSss5a—58) for PhMe-

carbonyl carbon C1, forming intgrmeld.ia:tewhich. is also SiH are shown. For comparison, the corresponding diagram
part of the pathways starting with initial activation of the Gy ;
ilyl compound and the hydrosilylation product Vis for SiH, is given in Scheme 8.
stiyl compound a € hydrosilylation produc 475 According to Scheme 5, the most preferred pathway for
(Fl(?g:wfpi)r.ing the free-energy barrier ;-4 (38.4 kcall PhMeSiH should also be the initial silane activation, forming
1 ' the hydride intermediat@a. Compared to the pathway via

mol) to the highest barriers of the initial silane activation "~ | carbonvl activati S 374 keal/mol). th
pathway, it is interesting to note that the reaction sequenceiNitial carbonyl activation TS7-4a, 37.4 kcal/mol), the rate-

[starting materialsiand6) — TS;-» — 2 — TS;o4 — 4 — determining stepT(Sia-24 32.1 kcal/mol) is lower in energy.
TSs-5 — product )] has the lower-rate determining-step 1 ne differentiation of the barriers in the case of the sterically
(TS1-2, 35.8 kcal/mol). For the system MeOly/SiHy/ more demanding silane is significantly larger than that in
PhCHO, it can therefore be concluded that the catalytic the case of Sik(cf. TS;-2 — 35.8 keal/mol,TS7-, — 38.2

hydrosilylation should start with the SiH activation viat2] kcal/mol). Considering the level of theory used the energy
cycloaddition at the catalyst, followed by carbonyl coordina- differences are significant and outside of the error limits of
tion to the metal center. the method.
. Our study is in good agreement with the results Wu et
PhMe,SiH/MoO,Cl, = CgH;CHO al2! have obtained for the hydrosilylation of HSiland
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Mechanism of the MoQCl,-Catalyzed Hydrosilylation

Scheme 9. Proposed Catalytic Cycle According to Our DFT Calculations

acetaldehyde in the presence of the dioxo compound:ReO former carbonyl oxygen atom, separating from the catalyst
(PPh),. They also favor initial silane activation via the{f2] MoO,Cl, under the formation of the hydrosilylation product.
cycloaddition pathway. The correspondingHg] hydroxyl The proposed catalytic cycle is shown in Scheme 9. All of
compound can be completely ruled out as the tautomerizationthe possible pathways via initial carbonyl activation are
has an even higher barrier than in the molybdenum case.calculated to have larger barriers, although the formation of
The Re(OTMS)Ol(PP:sz intermediate reacts with the weakly bound?7 should be possib|e.

carbonyl compound via a stepwise addition and not by direct
hydrosilylation via a cyclic transition state.

They also located transition states that are equivalent to
TS;-4 for the initial carbonyl activation pathway and
concluded that this barrier is too high in energy and that the , : i -
rate-determining step is expected to be the initial silane & SiH bond much easier via a+2] pathway, similar to
activation. According to Wu et al., acetaldehyde could also What we calculated for the activation of the CH bond. But
undergo an oxygen exchange with the rhenium compoundthe high exothermicity of the resulting intermediates prohibits
rather than a hydrosilylation after coordination to the metal. @ catalytic application of these metal-oxo compounds. Only
Their calculated barrier height of the same rate-determining in the case of the molybdenum compound MGG, the
step (initial [2+2] SiH activation) is on the same magnitude thermoneutral hydride intermediate of the preferre¢tZp
(AG* = 37.7 kcal/mol) asTS;-, or TSa-22 Shown above ~ mechanism allows a catalytic reaction.
for the molybdenum catalyst. In contrast to the study on the
double£ level of theory?? we can differentiate between the ~ Acknowledgment. Financial support by the Fonds der
various pathways and are able to predict the pathway with Chemischen Industrie is gratefully acknowledged. The

It is unusual that the metal-oxo compound M&D
prefers to react via a {£2] mechanism in the initial SiH
activation step. Other metal-oxo compounds like perman-
ganate, osmium tetraoxide, or ruthenium tetraoxide cleave

clearly the lowest activation energies. authors are especially grateful to the Center of High-
) Performance Computing (ZIH) of the Technische Universi-
Conclusion taet Dresden for the computing time.
On the basis of triplé& DFT calculations, we propose that
the catalytic hydrosilylation of benzaldehyde by M@D Supporting Information Available: Complete ref 25 and all

of thex, y, zcoordinates together with structures of the intermediates
and transition states of the Php®#H reaction. This material is
available free of charge via the Internet at http://pubs.acs.org.

proceeds via initial silyl activation and a hydride intermedi-
ate. The aldehyde then adds to the metal center of the
intermediate, followed by transfer of the hydrogen to the
carbonyl carbon atom. Finally, the silyl group moves to the 1C7017314
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