J. Am. Chem. Soc. 1990, 112, 8329-8333 8329

Thermochemistry of Silane Substitution of CO on Metal
Carbonyl Complexes. Interaction of Silanes with Metal

Centers

Theodore J. Burkey

Contribution from the Department of Chemistry, Memphis State University,
Memphis, Tennessee 38152. Received March 7, 1990

Abstract: By using photoacoustic calorimetry, the enthalpy of CO substitution by triethylsilane for M(CO)¢ (M = Cr, Mo,
W), (75-C¢Hg) Cr(CO);, and #5-CpMn(CO); (Cp = cyclopentadienyl) in neat triethylsilane was found to be 16, 19, 18, 17,
and 31 kcal/mol, respectively. The enthalpy of CO substitution by alkane solvent for (75-C¢Hg)Cr(CO); (in heptane) and
73-CpMn(CO); (in cyclohexane) was found to be 33 and 45 kcal/mol, respectively. By using these data and metal-CO bond
energies, the enthalpies of the metal-silane and metal-alkane binding in the adducts were estimated to be in the range of 21-28
and 9-13 kcal/mol, respectively. Thus, the variation in the binding energies is 7 and 4 kcal/mol, respectively, while the variation
for the corresponding metal-CQ bonds is 18 kcal/mol. These results suggest the metal-silane interactions are more like the
corresponding metal-alkane interactions than metal-CO bonds. It is concluded that for the cases studied the silane undergoes
an incomplete oxidative addition to the metal, and the metal-silane interaction is a three-center two-electron bond. Silane
adducts from Cr(CO)s and W(CO)¢ have been detected by UV-vis and IR spectroscopy. The results suggest the M(CO)s(HSiEty)

may be more stable than previously presumed.

Introduction

The addition of a silane to a metal complex normally involves
the loss of a ligand, providing a coordination site for interaction
with the silane. The extent of reaction between the metal center
and the silane can vary. Complete oxidative addition of the silane
to the metal occurs for some silane adducts where the metal inserts
into the Si—H bond. Here the SiH bond is completely broken and
two localized o bonds are formed, i.e., metal-hydrogen and
metal-silicon bonds (Scheme Ia). Incomplete oxidative addition
occurs for other silane adducts where a three-center two-electron
bond is formed. Such o complexes have significant interaction
between the silicon and hydrogen atoms (Scheme Ib).I"¢ Interest
in the reaction of silanes with metal carbonyls stems from our
investigation of the activation of alkanes by transition-metal
complexes. Although alkanes are less reactive than silanes, the
same variety of bonding interactions exists for alkanes. Indeed,
complete oxidative addition of alkanes has been observed for some
metal complexes (Scheme Ic) and incomplete oxidative addition
for others.” Analogous intramolecular reactions with a ligand
alkyl are well documented: the extreme cases are represented by
cyclometalated and agostic bonded complexes.!S The similar
reactivity of alkanes and silanes toward metal centers suggests
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that studies leading to the understanding of the chemistry of
metal-silane interactions may be extended to that of metal—alkane
interactions.

Little is known about the magnitude of the energy associated
with these interactions, and this information should be useful in
understanding the factors that favor the formation of alkane and
silane adducts, whether they are o complexes or insertion products.
For Cr-, Mo-, and W(CO);(alkane), insertion into a CH bond
does not occur, and the metal-alkane binding has been found to
be on the order of 10 kcal/mol.'213 It is almost certain that ¢
complexes are formed (with three-center two-electron bonds) in
these cases. For more reactive complexes where insertion into
CH bonds does occur, the net interaction (enthalpy of bonds
formed minus that of bonds broken) will certainly be much greater
than 10 kcal/mol. In one case, the enthalpy of insertion into
cyclohexane by a Cp*Ir(PMe;) complex has been estimated to
be 229 kcal/mol.'8  For this reaction, there is evidence that o
complexes are formed prior to insertion.'® With metal centers
of intermediate reactivity that do not insert into CH bonds, a o
complex with metal-alkane binding stronger than 10 kcal /mol
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might be expected; in other words, the strength of the metal-alkane
binding of the o complex should vary with complex composition,
but how the binding strength varies is not certain. The strength
of the metal-alkane binding in a & complex that precedes the
insertion product may not necessarily parallel the extent of oxi-
dative addition of the alkane to the metal center since the structure
of the o complex and the resultant insertion product may be very
different. For example, the Cr-H-C bond angle in Cr(CO)s(CH,)
and similar complexes is believed to be linear.'” In such cases,
the metal-carbon interaction is small compared to that in the
insertion product. If the structures of a ¢ complex and corre-
sponding insertion product are very different, i.e., the o complex
must undergo substantial rearrangement to form the insertion
product, then factors that enhance alkane binding may not nec-
essarily enhance insertion. Investigation of the energetics of
metal-alkane interactions will help clarify the relationship between
o complexes and insertion products.

Like the metal-alkane interaction, the strength of a metal-silane
interaction should also vary with the composition of the metal
complex. NMR, X-ray structure, and photoelectron spectral
studies show that the interaction between the Si-H bond and a
metal is affected by changes in the silicon substituents or the
composition of the metal complex.!¢ For example, recent pho-
toelectron spectroscopy studies of n*-CpMn(CO),HSiR; by Li-
chtenberger’s group indicate nearly complete oxidative addition
to manganese for R = Cl and incomplete oxidative addition
(three-center two-electron bonding) for less electron withdrawing
R such as phenyl groups.2 The photoelectron studies show the
extent of electron density donation to or from a metal center or
a bound ligand; nevertheless, these and other studies do not provide
binding energies.

The present paper is an investigation of the heat of addition
of HSiEt, (triethylsilane) to metal centers that are less reactive
than or as reactive as #>-CpMn(CO),. Since the triethylsilyl group
is less electron withdrawing than the triphenylsilyl group, in-
complete oxidative addition with the formation of three-center
two-electron bonds is expected in these cases (vide supra).
Photoacoustic calorimetry (PAC) can be used to determine bond
energies and has been used widely to study biochemical, organic,
inorganic, and organometallic species.!>!%131%  Using PAC, we
have determined the enthalpy of CO substitution by HSiEt; on
metal carbonyl complexes (AH,, eq 1). The compounds M(CO),
(M = Cr, Mo, and W), (#%-C4H)Cr(CO),, and #>-CpMn(CO),

AH,
ML,CO + HSiEt, — ML,(HSiEt;) + CO (1)

were studied in neat HSiEt;. From an M—CO bond energy and
AH,, the enthalpy of the net interaction between the metal and
silane can be calculated. The heat evolved after pulsed photolysis
of a sample is detected by PAC; therefore, the photochemistry
of a complex must be sufficiently characterized to assign the heat
to particular processes. Each of these complexes is known to
undergo ligand substitution of a carbonyl upon photolysis.?” Flash
photolysis and /or matrix isolation studies show that photolysis
of each of the metal carbonyls initially leads to CO dissociation,
and in an alkane solvent, the initial intermediate is solvent co-
ordinated.™2'-2  In the presence of HSiEt;, a silane adduct
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should form. In fact, silane adducts have been observed upon
photolysis of (n5-C4Hg)Cr(CO); and #°-CpMn(CO); in the
presence of a silane,"*%24 whereas no evidence of silane adduct
formation from M(CO), has been reported previously. In this
study, we present spectral and PAC evidence of silane adduct
formation from M(CO);.

Experimental Section

Maierials, All compounds were obtained from Aldrich unless other-
wise noled. (Benzene)chromium iricarbonyl and molybdenum hexa-
carbonyl were oblained from Sirem. The meial carbonyls were sublimed
under vacuum 1wo or more 1imes. Triethylsilane was dried over molec-
ular sieves overnighi and distilled immediately before use. Distilled water
was further purified with a Millipore Milli-Q water system. Tetra-
hydrofuran (Baker, reagen1 grade), alkanes (hplc or specirophotomeltric
grade), and di-n-buiylamine were distilled from sodium or potassium
before use. Gases were zero grade (Air Producis). Solvenis and di-n-
bulylamine were refluxed overnight with respective drying agents before
distilling.

Sample Preparation, The preparation of metal carbonyl solutions and
the operation of the photoacoustic calorimeter have been described pre-
viously and will only be discussed briefly.'> All solutions containing metal
carbonyls were prepared and used in the dark in foil-covered, septum-
sealed vessels, purged with helium, and cannulated to avoid contamina-
tion by air. Concentrated metal carbonyl solutions were cannulated into
a graduated reservoir and diluied with additional silane to the desired
optical density. The graduated reservoir had a fritted bubbler that was
used to pressurize and purge the reservoir with helium. The reservoir was
connecled 10 a flow cuvette via a glass manifold with Teflon stopcocks.

Measurements, Solutions in the flow cuvette were photolyzed with a
pulsed nitrogen laser (337.1 nm, 1 ns, 20~30 mJ/pulse). The signal from
a transducer clamped to the cuvette was obtained after each pulse and
averaged on a digital oscilloscope. The flow of solution was increased
until the 1ransducer signal became independeni of changes in the solution
flow rate. The signal from the transducer was calibrated before and after
each measurement of a metal carbonyl solution with use of a reference
solution of o-hydroxybenzophenone or ferrocene which deposits all the
absorbed light energy as heat.2%% Absorbances of metal carbonyl so-
lutions were typically between 0.09 and 0.11 for a 1-cm path length. The
absorbances of reference solutions were within 2% of that of metal car-
bonyl solutions. As before, the absorbances of solutions were delermined
from PAC measuremenis, and the observed heats were corrected for
differences in absorptions of reference solutions and laser pulse energies.'?
If the reactions occurring after 1he laser pulse are much faster and/or
much slower than the response of the transducer (1 MHz), then the
amplitude of the transducer signal is proportional to the amount of heat
released by 1he fast reactions.”® The amplitude of the transducer signal
is therefore a measure of 1he heat of the fast reactions. The enthalpy of
a reaction can be calculaled from eq 2, where E, is the energy of a mole
of photons (84.8 kcal/mol for 337.1 nm), « is the observed heat expressed
as a fraction of the lighi energy absorbed, and & is 1he quantum yield

AH=E(l -a)/® 2)

of pholosubstitution. The magnitude of « is dependent on the thermal
expansion of the solvent that results from the heat released in the reac-
tion. The coniribution to o by reaction volume changes is expected to
be insignificani for eq 1, since reactions described by eq | are analogous
10 the dissociation of CO from metal carbonyls in an alkane solvent (eq
3). In 1he latier case, reaction volume changes were found to have a
negligible coniribution 10 .'22”  Since the coefficient of 1hermal ex-
pansion of HSIEt; is approximately 1hat of alkanes, for eq | 1he con-

AH.
ML,CO + RH — ML, (RH) + CO 3)

iribution of reaction volume change to « is likely to be small compared
10 that by 1hermal expansion. Assuming the limiting rate conditions
menitioned above are mel, a should be a good measure of 1he heal re-
leased in HSIEt, for eq 1.

Quanium yields for pholosubsiitution of CO were assumed to be the
same in neal HSIEt, as in alkane solvents. The quanium yield for Mo-
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Figure 1. Infrared specira of the carbonyl region of 3 mM Cr(CO), in
HSiEt, (a) before photolysis, (b) after 2 min photolysis, (c) 15 min later
withoul further photolysis, and (d) after 15 min of photolysis.

(CO)g was assumcd 10 be the same as for Cr(CO), due 10 similar elec-
tronic structurc and pholochemisiry.2®3¢ The quantum yields for Cr-
(CO)g (0.67 % 0.02), W(CO); (0.72 % 0.05), and n*-C,H,Cr(CO), (0.72
+ 0.07) are independen: of wavelength in the near-UV, and 1his is as-
sumed to be the case for Mo(CO)4.31"33  The value for #’-CpMn(CO),
(0.65 % 0.15) is 1he same used previously for PAC measurements at 337
nm.':3435  The emission for 337-nm excitalion was delermined wilh use

(28) The dynamics of 1he hexacarbonyls of Cr, Mo, and W afier photolysis
have been extensively studied in low-lemperalure mairices (see ref 30 for
leading references). Upon photolysis, a CO is ejecied, and an exciled melal
pentacarbonyl is formed 1hal rearranges to a trigonal-bipyramidal geomeiry.
The trigonal bipyramid relaxes to a ground-state square-pyramidal geomeiry
via one of 1hree equally probable pathways, each involving 1wo equaiorial CO's
opening 10 nearly 180°. Each pathway provides a vacan! octahedral sile facing
a different direction, bul only in one direction is 1he vacant sile facing 1he
cjecied CO. In 1his case, the CO prompily recombines with 1he metal pen-
1acarbonyl 10 form 1he hexacarbonyl. For the other 1wo paihways, 1he pen-
lacarbonyl reacts wilh solveni adjaceni 1o the vacant oclahedral site. For
solvenis as reaclive as or more reaclive 1han alkanes, cage escape of CO is
much faster 1han solvent displacemeni by CO. The solvent-coordinaled metal
penlacarbonyl evenlually reacis with a dispersed nucleophile resulting in an
overall yield for photosubstitution. Careful quantum yield siudies have con-
firmed within experimenial error a value of 2/, for Cr(CO)s and W(CO)s.
#3331 A value of 0.93 was recently reported for Mo(CO)¢ without experi-
menial detail (Wieland, S.; Van Eldik, R. Coord. Chem. 1990, 97, 155).
Historically, erroneously high values have been reported for pholosubslitulion
of metal carbonyls particularly if the pholosubsiitution is monilored indirecily
by CO cvolution. Uniil further details are provided, 2/, appears 10 be the mosi
reliable value for the quanium yield of Mo(CO), photosubstitution in organic
solvenis.
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Table 1. Enthalpies of Reaction of Metal Carbonyls with
Triethylsilane (AH,) and Alkanes (AH;)?

AH, AH,
Cr(CO), 157+ 1.1 272 % 1.2
Mo(CO), 18.5 % 0.5 3.8+ 1.3
W(CO), 18.2 % 0.5 326 + 0.4
(1%-C¢Hg)Cr(CO), 17.1 £ 2.5 32.8 + 0.3
7°-CpMn(CO), 309 % 1.0 447 1.4

“kcal/mol, errors are lo. See ref 38.

of quinine sulfate as a standard with a Perkin-Elmer MPF-3 spectro-
fluorimeter. The quantum yield for emission was found 10 be negligible
(<10"%) for each compound.

Infrared Spectra, Spectra were obtained with a Mattson Polaris NU
10000 FTIR (16-64 scans, 2-cm™ resolution). The Cr(CO)s and W-
(CO)g solutions (ca. 4 mM in neat silane) for FTIR specira were pre-
pared and helium purged in a 1-mL syringe and transferred to a heli-
um-purged 0.5-mm path length NaCl cell. The solutions in the cell were
phololyzed with a 150-W high-pressure xenon lamp (PTI housing and
power supply). The light was filiered with a 10-cm water filter.

Results

The photochemical reaction of M(CO), with HSIEt; was
characterized by IR and to a lesser extent by UV-vis spectroscopy.
Upon steady-state photolysis of Cr(CO); in neat HSiEt;, a 414-nm
absorption is observed. The 414-nm absorption persists at room
temperature even an hour after photolysis. Infrared spectra, shown
in Figure 1, reveal that after 2 min of photolysis of Cr(CO)q in
neat HSiEt, a peak at 1951 cm™ is formed as the 1985-cm™ peak
of Cr(CO)¢ decreases. When a spectrum was recorded about 15
min later, the 1951-cm™ peak decreased about 50% and the
1985-cm™! peak increased. Eventually the 1985-cm™ peak nearly
regained its prephotolysis intensity. Other peaks, particuarly at
1916 and 1866 cm™, are observed at longer irradiation times, but
their intensities do not change with time or photolysis as the
1951-cm™! peak does. No 414-nm absorption or 1951-cm™ peak
is observed when Cr(CO), is photolyzed in cyclohexane in the
absence of HSiEt;. The assignment of the 1951-cm™ peak to the
1,(CO) of Cr(CO)s(HSIEt,) is consistent with these results. The
v,1(CO) peaks, whose intensities are expected to be considerably
weaker, could not be identified. This was probably due to overlap
with the large HSiEt, peak near 2100 cm™ and the peaks of the
other photoproduct(s). Similar results were observed for W(CO),:
a peak assigned to the silane adduct (1949 cm™) appeared upon
photolysis and decayed slowly (50% decay in ca. 1 day). It can
be concluded that the photolysis of Cr(CO)4 (or W(CO)) in the
presence of HSiEt; leads to the formation of Cr(CO)s(HSIEt,)
(or W(CO);(HSiEt;)), and based on analogous photochemistry,
a silane adduct should also form from Mo(CO),. As noted earlier,
the other metal carbonyl complexes, in the presence of a silane,
are known to form stable silane adducts upon photolysis.!* These
results establish that silane adducts are formed in each case and
are stable on a time scale much longer than the response time of
a 1-MHz transducer.

The heats observed after photolysis of metal carbonyls in neat
HSiEt; were more exothermic (by 12 kcal/mol or more) than
those in an alkane solvent in the absence of silane. This indicates
that the observed heats are dependent on a reaction with the silane.
“Coordinatively unsaturated” species have been reported to react
with alkane solvent faster than diffusion control.2'* When a
silane is the solvent the reaction with silane likewise will be faster
than diffusion control. Taken together, these results indicate that
in neat silane the rate of the reaction with silane will be much
faster than the response of the 1-MHz transducer. Therefore the
observed heat is assigned to the heat of the reaction in eq 1 (after
correction for the light energy absorbed and quantum yield, see
eq 2). The enthalpies calculated from eq 2 are listed in Table
I and are the average of at least three experiments, each from

(35) Teixeira, G.; Aviles, T.; Dias, A. R.; Pina, F. J. Organomet. Chem.
1988, 353, 83.

(36) (a) Lee, M.; Harris, C. B. J. Am. Chem. Soc. 1989, 111, 8963. (b)
Xie, X.; Simon, J. D. J. Phys. Chem. 1989, 93, 4401 and references 1herein.
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Table II. Enihalpy of Metal-Silane and Metal-Alkane Binding®

-AHp.su ~AHmpn  —AHumco®
Cr(CO), 21.1 £2.3 9.6 £ 23 368 £ 2
Mo(CO), 220 £ 2.1 8.7+£27 40.5 £ 2
W(CO), 278 £ 2.1 134+£20 46.0 £ 2
(n8-CeHy)Cr(CO); 28 12 45¢
7-CpMn(CO), 244 104 554

¢kcal/mol, errors are lg. PReference 44. ©Reference 45.

¢ References 46 and 47,

a freshly prepared metal carbonyl solution.”-¥

The heats observed after photolysis of #3-CpMn(CO); and
(n5-C4¢Hg)Cr(CO), in cyclohexane and heptane, respectively, were
found to be independent of changes in ligand concentration
(tetrahydrofuran and di-n-butylamine, respectively) in the range
of 0.001-0.01 M ligand. The observed heat was more exothermic
at ligand concentrations above 0.01 M ligand. This indicated that
in the range of 0.001-0.01 M ligand no significant amount of heat
from the reaction with the ligand was being detected, and only
the reaction of eq 3 was being measured.’ The enthalpies for
CO dissociation in an alkane solvent are listed in Table I for
(n5-C¢Hg)Cr(CO); and n5-CpMn(CO);. The values for the other
metal carbonyl complexes in heptane have been reported previ-
ously.'?

Discussion

There are two kinds of sites at which a metal can attack a silane:
an alkyl CH or the SiH bond. Two pieces of evidence confirm
that we are observing an interaction with the SiH bond. First,
the strength of the interaction with HSiEt, is much stronger than
what is observed for alkanes. Second, the intramolecular rear-
rangement of metal-alkyl complexes is very rapid. Simon and
Xie studied the photolysis of Cr(CO)g in octanol and smaller
alcohols and found that an alkyl and a hydroxy complex are
formed, but the alkyl complex rearranges to the more stable
hydroxy complex in less than 10 ns.”*® Likewise, one would expect
a silane-alkyl complex to rearrange to a more stable interaction
with the silicon-hydrogen moiety. A similar rearrangement has
been proposed for iridium-alkane complexes.!?

A comparison of the enthalpies of CO substitution by silane
(AH,) and by alkane (AH,) reveals a parallel reactivity toward
the different metal complexes. In each case the reaction is en-
dothermic, indicating that the metal-silane and metal-alkane
binding is weaker than the corresponding metal-CO bond. If the
solvation of products and reactants is nearly the same, as is the
case for other organometallic reactions of neutral species in hy-
drocarbon solvents,*'™3 then AH, is a measure of the difference
in the magnitudes of the metal-silane and metal-CO bonding.
An analogous argument applies to AH;. The variation in AH,
and AH; is similar and large (15 and 18 kcal/mol, respectively).
Unlike AH, and AHj;, the difference between AH; and AH, is
rather constant and varies by only 4 kcal/mol (12-16 kcal/mol).

(37) The reaction with HSiE1, in perfluorodecalin has also been invesli-
gated. The results are similar, however, 1he heals of reaciion have no1 been
quaniilaled since the quanium yields are nol known for his solveni. In 1the
case of Cr(CO),, & = 0.35 & 0.03; Nayak, S.; Burkey, T. J. Manuscript in
preparalion.

(38) Uncertainties in quanium yields are nol included in 1he error analysis.
In general, 1he results are nol very sensitive 10 1he uncertainly in the quantum
yields; for example, a decrease in 1the quanium yield for pholosubsiitution of
Mo(CO); of 0.04 ($ = 0.63) results in a change of 1.2 keal/mol in AH,(19.7)
and AH\.5iu(20.8). An analysis of 1he propagaled error which includes an
uncertainly of 0.04 in the quanium yield resulis in an overall error of 0.9 and
2.2 kcal/mol, respectively. An error of 0.04 in a 1he quanium yield for 1he
other compounds will produce similar unceriainiies in 1he enthalpies.

(39) The ligands are added 10 scavenge 1he alkane-coordinated complex
10 inhibil reaction with the parenl complex. Withoul 1his precaution, deposils
on 1he cuvelle somelimes resull.

(40) (a) Simon, J. D; Xie, X. J. Phys. Chem. 1987, 91, 5538. (b) Xie,
X.; Simon, J. D. J. Am. Chem. Soc. 1990, 112, 1130.

(41) Bryndza, H. E.; Fong, L. K.; Paciello, R. A.; Tam, W.; Bercaw, J.
E. J. Am. Chem. Soc. 1987, 109, 1444,

(42) Bruno, J. W.; Marks, T. J.; Morss, L. R. J. Am. Chem. Soc. 1983,
105, 6824.

(43) Gonzales, A. A.; Zang, K.; Nolan, S. P.; de la Vega, R. L.; Mukerjee,
S. L.; Hoff, C. D.; Kubas, G. J. Organometallics 1988, 7, 2429.

Burkey

The difference is equal to the difference in the enthalpy of
metal-silane and metal-alkane binding, and its lack of variation
from complex to complex suggests similar bonding in the met-
al-silane and metal-alkane adducts. The enthalpy for metal-silane
binding (AH\_g;i) can be calculated from eq 4 if the M—CO bond
enthalpy (AHp—co) is known. Similarly, the enthalpy of the
analogous metal-alkane binding (AHy_gy) can be determined
from eq 5. Note that the absolute values of the binding enthalpies
are equivalent to bond dissociation energies (eqs 6 and 7). These

AHy-siy = AH, + AHyco (4)
AHypy = AH; + AHyco (5)
. -AHygn
ML, (HSiEt,) ML, + HSiEt, (6)
-AH,
ML,(RH) ——% ML, + RH (7

values are listed in Table II, and for comparison, AH\_cq values
have been included from the literature.*#8 The variation in the
net metal-silane binding (7 kcal/mol) resembles that of metal-
alkane binding (4 kcal/mol) more than that of the M—CO bonds
(18 kcal/mol).

For the complexes examined, the change in the binding en-
thalpies indicates that HSiEt; tends to behave more like an alkane
than CO. This is consistent with the current understanding of
the metal bonding to these compounds. The M—CO bond strengths
depend greatly on the ability of the metal to backbond, and the
low oxidation states of these complexes favor backbonding. So
the M-CO bond strengths are very sensitive to the composition
of the complex. For metal-alkane ¢ complexes, backbonding is
believed to be of secondary importance where o donation to the
metal dominates.* For silane adducts, both ¢ donation to the
metal and backbonding to the silane can be important,? but the
parallel behavior between HSiEt; and alkanes suggests that o
donation to the metal may play a larger role than backbonding.
Therefore the silane adducts formed in this study are expected
to be o complexes with two-electron three-center bonds. This is
in agreement with studies that indicate three-center two-electron
bonding occurs for #°-CpMn(CO),(HSiR;) and (5-C4Hg)Cr-
(CO),(HSiR;) (R = H, alkyl, or aryl).#$5¢ In particular, pho-
toelectron spectroscopy studies show that the metal center of
7°-CpMn(CO),(HSiPh;) is at the same oxidation state as in
7>-CpMn(CO),, indicating the balance of o donor and 7 acceptor
characteristics of HSiPh; is the same as for CO.5! To the extent

(44) (a) Lewis, K. E.; Golden, D. M.; Smith, G. P. J. Am. Chem. Soc.
1984, 106, 3905. (b) Fleicher, T. R.; Rosenfeld, R. N. J. Am. Chem. Soc.
1988, /10, 2097. (c) Ishikawa, Y.-1.; Brown, C. E.; Hackell, P. A; Rayner,
D. M. J. Phys. Chem. 1990, 94, 2404,

(45) Theorelical calculalions indicale the average M—CO bond sirength
for (8-C¢H,)Cr(CO); should be 8 kcal/mol sironger 1han that of Cr(CO)g:
Calhorda, M. J; Frazao, C. F.; Marlinho Simoes, J. A. J. Organomet. Chem.
1984, 262, 305.

(46) The M—CO bond sirengih for #°-CpMn(CO), has been calculaled
from 1he enthalpy of CO dissociation in cyclohexane (Table I) and Mn-alkane
binding. The Mn-alkane binding was eslimaled from the enthalpy of hepiane
substitution on #°-CpMn(CO),(hepiane) by cis-cyclooclene (AH = -24.5
keal/mol, ref 18) and 1he enthalpy of aclivalion for cycloociene subslilution
on 7’-CpMn(CO),(cis-cycloociene) by PPh, in melhylcyclohexane (AH* =
34.9 keal/mol, ref 47). The activation enthalpy corresponds 10 a dissocialive
process where Lhe rate-delermining siep involves 1he formalion of a meial~
alkane complex. Therefore 1he difference in 1he magnilude of these values
(AH* + AH = 10.4) equals 1he activalion energy for alkane displacement.
This value would be a lower limi1 for alkane binding since 1he displacement
may be an associalive process wilh respecl 10 the alkane. Alkane binding of
10 keal/mol or more for #3-CpMn(CO),(cyclohexane) is consisien1 with other
resulls. A grealer alkane binding for 73-CpMn(CO),(cyclohexane) versus
Cr(CO);(cyclohexane) might be expecied since CO displacement of cyclo-
hexane is an order of magnilude fasier for Cr(CO)s(cyclohexane) 1han for
7>-CpMn(CO),(cyclohexane). 24 The binding of cyclohexane in Cr(CO)s-
(cyclohexane) is ai1 leasi 10 kcal/mol.}?

(47) Angelici, R. J.; Loewen, W. Inorg. Chem. 1967, 6, 682.

(48) Church, S. P.; Grevels, F.-W.; Hermann, H.; Schaffner, K. /norg.
Chem. 1985, 24, 418.

(49) Saillard, J.-Y.; Hoffmann, R. J. Am. Chem. Soc. 1984, 106, 2006.

(50) Graham, W. A. G. J. Organomet. Chem. 1986, 300, 81.

(51) This does nol indicaie 1he contribution of each kind of bonding 10 1he
overall magnilude of 1he bond sirengih, since other faclors such as orbiial
overlap effecl 1he bond sirength.



Interaction of Silanes with Metal Centers

that HSIEt, is a better o donor and poorer 7 acceptor than HSiPh;,
o donation will become more important, and ¢ complexes will be
formed with HSiEt, since the metal centers are as reactive as or
less reactive than n*-CpMn(CO),.52 It can be concluded that
incomplete oxidative addition is occurring in the HSiEt; adducts
of the present study and that the extent of oxidative addition is
less than that of previous studies of silane adducts.

Little, if any, spectroscopic evidence for silane adducts of the
M(CO); (M = Cr, Mo, or W) has been previously reported,
and the AHys;y values suggest that these silane adducts may be
more stable than previously supposed.?® The AH),gy generally
follows the observed kinetic lability of the silane adducts.® For
example, our IR results show that W(CO)s(HSiEt,;) decomposes
more slowly than Cr(CO)s(HSiEt;), consistent with stronger
metal-silane binding. This trend may not be general for all silane
adducts since the mechanism of silane adduct decomposition may
vary and may not involve simple elimination of silane. Clarification
will require further mechanistic studies of silane adduct decom-
position and binding.

With the results of previous studies, the activation enthalpy for
HSIEt; elimination from »°-CpMn(CO),(HSIEt;) can be esti-
mated. The addition of HSiEt; to #3-CpMn(CO), has been
studied recently by Wrighton's group,’ who measured the rates
at low temperature for the reaction with HSIiEt; in methyl-
cyclohexane or neat HSiEt; (eq 8). The manganese forms a o
complex with CH from the silane-alkyl group or methylcyclo-
hexane. Thus the reaction involves the disruption of a Mn-alkyl
interaction when the silane adduct is formed. The enthalpy of
this reaction should be equal to the difference in the enthalpies
of the Mn-silane and Mn-alkyl binding, as well as the difference
between the forward and reverse activation enthalpies (eq 9). Hill
and Wrighton obtained a value of 7.2 £ 1.0 kcal/mol for AH*g,,
AHgis -13.8 £ 1.7 kcal/mol (AH, - AH,), and from eq 9, 21.0
% 2.0 kcal/mol can be calculated for AH* ., (silane elimination).
This value is consistent with 29.2 £ 0.3 kcal/mol obtained by

75-CpMn(CO),(RH) + HSIEt; —r
7*-CpMn(CO),(HSIEt,) + RH (8)

AHg = AHyngin = AHyppp = AH* - AH*,  (9)

Hart-Davis and Graham from their kinetic studies of the sub-
stitution of HSiPh; adduct in heptane (eq 10). They observed
dissociative kinetics indicating that the incoming phosphine does
not participate in the rate-determining step and concluded that
the rate-determining step is probably silane elimination. Therefore

heptane

75-CpMn(CO),(HSiPh;) + PPh,

73-CpMn(CO),(PPh;) + HSiPh; (10)
the activation enthalpy of eq 10 should be similar to AH* ,, which
involves HSiEt;. The lower value for EtSi;H is expected since

the HSiPh, adduct is more stable then the HSiEt; adduct (vide
supra).

(52) The ionization for HSiEl1, attributed 10 Si~H electrons is lower than
thai for HSiPh,: Distefano, G.; Pignalaro, S.; Szepes, L.; Borossay, J. J.
Organomet. Chem. 1976, 104, 173. Beltram, G.; Fehlner, T. P.; Mochida,
K.; Kochi, J. K. J. Electron Spectrosc. Relat. Phenom. 1980, 18, 153.

(53) A UV-vis spectrum has been reporied for a iransien1 generated by
the phoolysis of Cr(CO), and SiH, in 1the gas phase; however, 1he identity
of 1he Iransient is unceriain. Breckenridge, W. H.; Stewari, G. M. J. Am.
Chem. Soc. 1986, 108, 364,
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The magnitude of AHp,.gu €xceeds that of AH',, by 3
kcal/mol, indicating that the displacement of the silane is not a
simple dissociation of the silane.** The low activation enthalpy
is consistent with a stabilization of the transition state which can
be attributed to Mn-alkyl bonding in the transition state. Similar
stabilization energies in transition states by metal-alkyl interaction
have been reported.!® Thus the displacement of the silane by an
alkyl may involve bond formation to the alkyl as the Mn—silane
interaction is broken, i.e. an associative process.** Not coinci-
dentally, the magnitude of AHy,_py €xceeds AH*¢, by 3 kcal/mol
as well, as must be the case by microscopic reversibility. These
results and interpretation are in agreement with the suggestion
by Hill and Wrighton that the solvent participates in the transition
state. In particular, they report that the activation entropy for
silane addition is —6.7 £ 2.4 eu, consistent with an associative
process. 657

Conclusions, The enthalpies of metal-silane binding, which
have been determined for the first time, are less sensitive to changes
in the metal complex than M-CO bonds and somewhat more
sensitive than the enthalpies of corresponding metal-alkane
binding. The trends in the enthalpies of the metal-silane binding
are consistent with incomplete oxidation addition, i.e., three-center
two-electron bonding between the metal and Si-H. The M-
(CO)s(HSiR4) (M = Cr, Mo, W) are more stable than previously
supposed, and further room temperature investigation of these
compounds should be possible. These compounds may prove to
be the best “silane™ models for alkane o complexes.
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(54) The error for AH),gy is unceriain due 1o 1he eslimale of 1he
quanium yield for pholosubstilution, and 24.4 is likely 10 be wilhin experi-
mental error of AH*,,. On 1he other hand, 24.4 is likely 10 be a lower limit
for ~AH gy since 1the magnitude of AHy, gy is expected to be significantly
larger than 1hal of AH¢, gy where 1he quanium yield is well established.

(55) One reviewer poinied oul il seems unlikely thal an associative process
occurs for such a bulky silane. A silane with three alkyls may indeed be to
sterically hindered al 1he silicon for an associalive displacement of an alkyl
at the melal cenler. I may be 1hat 1the meial attacks the silane al a less
hindered alkyl chain and then “walks” down the chain 10 1he silicon. Such
rearrangements have been reporied previously.*

(56) I1 should be noted thal mosi of Hill and Wrighion’s experiments were
in neal silane, and a unimolecular rearrangement may account for 1heir results.
Only 1wo experiments were in methylcyclohexane, and although 1hese results
fit nicely on a Arrhenius plol, 1hey are close 1ogelher and are at the extreme
end of 1he plol. It seems unlikely 1hat the unimolecular and bimolecular
processes would have 1he same aclivation parameters. Thus il is possible 1he
methycyclohexane data belong on a different ploi. Using Hill and Wrighion’s
aclivalion paramelers, the room 1emperalure rale constani for eq 8 is grealer
than 10° M~ 57 (using 1he Eyring equalion and assuming the aclivalion
paramelers are lemperature independent). This value is unexpeciedly high
since il exceeds 1he raie by about 102 of other known bimolecular reaciions
of CpMn(CO),(RH) where RH must be displaced,? suggesting they are
observing an iniramolecular reaclion. In an analogous reaction, the unimo-
lecular rearrangemeni of Cr(CO)s(EtOH) to Cr(CO)s(HOE) is also much
fasier 1han the bimolecular displacement of alkane from Cr(CO)s(RH).13457
If Hill and Wrighton's activation parameters do apply 10 a unimolecular
rearrangement, 1hen eq 9 (RH = CH) is siill applicable, and 1he difference
in the magnitude of AHyy,.gy and AH*y, can slill be atiributed to an Mn~
alkyl interaction in 1he iransilion siale.

(57) (a) Simon, J. D.; Peters, K. S. Chem. Phys. Lett. 1983, 98, 53. (b)
Kelly, J. M.; Hermann, H.; Koerner von Gusiorf, E. J. Chem. Soc., Chem.
Commun. 1973, 105. (c) Kelly, J. M,; Bent, D. V.; Hermann, H.; Schulte-
Frohlinde, D.; Koerner Von Gustorf, E. J. Organomet. Chem. 1974, 69, 259.



