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All the pathways leading to bis-stannane and regeneration of the catabtsttCCp = 7°-CsHs) for

the stannane Snthave been computed using the DFT (B3PW91) method. In all cases, the reaction is

at least a two-step process with a common first step, which is theHSactivation of the stannane,

leading to the hydrostannyl complex £aSnH;. From a pure thermodynamic point of view, the overall

process is found to be exergonic by 9.3 ko®l*. Since the most stable product of the energy profile

is the intermediary hydrostannyl complex, the second step, which corresponds-8nSwoupling, is

endergonic. This explains the relatively low turnover, found experimentally, for the homocoupling of

stannane into bis-stannane. This overall process is in agreement with the experiment made on hafnium

complexes, where the intermediary hydrostannyl compounds have been isolated and characterized. From

a kinetic point of view, the second reaction step is proposed to occur through a directr&msier of

the hydrostannyl to the incoming stannane rather than stannylene or stannylenoide insertion into the

incoming stannane.
Introduction complex led, after a course of 3 days, to the hydride and some

cyclic species derived from the oligomerization of the stan-

From a chemical point of view, achieving the dehydropo-
lymerization of stannane is of interest since the formed
polystannanes exhibit peculiar optical and electronic propérties.
Moreover, the related possibility of catalytically obtaining these

nylene. In addition the stannylene has been trapped in the
presence of a trapping agent. Moreover, in the presence,of H

it has been possible to show that the reaction of the hydride
with the stannane is reversible. After 2 days, 92% of the formed

polymers, using for example transition metal- or lanthanide- hydrostannyl is converted to the hydride and 21% of bis-
based complexes, is also of particular interest. Two catalysts stannane is formed. For this first step of the reaction, the authors
developed by Tilley’'s group have been reported in the have performed a kinetic study in a temperature range—(0.7
literature*=” The authors have shown that the zirconocene 33.2°C) that leads to an activation enthalpy of 7.4 kosdl?
CpCp*Zr[Si(SiMe)s]Me** or CpCp*Hf(H)CF complexes (Cp  and an activation entropy of42 eu. For the second step, the
= 7>-CsHs and Cp* = 7°>-CsMes) are very active catalysts  authors have ruled out the H/Sn exchange process between the
toward the dehydropolymerization process. To better understandhydrostannyl and the incoming stannane based on steric
and to further control the polymerization process, the knowledge problems.

of the reaction mechanism is crucial. Neale €étlave reported Since the past few years, theoretical mechanistic investiga-
some mechanistic information in the hafnium case for the tions of reactions involving lanthanide complexes have been
secondary stannane M&nH; (Mes = 2,4,6-trimethylphenyl)  computationally accessil§fe2 mainly due to the use of effective
dehydropolymerization. In particular, the authors have been ableqqre potentials (ECP) that include the inert 4f electrons in

to isolate and characterize the hydrostannyl intermediate core13-15 Thus, some combined experimental and theoretical
CpCp*Hf(SnHMesg)ClI, which was speculated in the zirconium

case. This indicates that the first step of the process is-eHSn
activation. For the latter complex, meagostic interaction has

studies have shown thatbond activation reactions catalyzed
by lanthanide complexes could occur via the formation of
unsaturated species. This was mainly observed in the case of

been observed. The authors have suggested that bis-stannane §—F activation. Recently, Maron et .have shown that in

formed, in a second step, by insertion of stannylene into-a-8n

the process of €F activation of fluoroarenes unsaturated

bond of a second incoming stannane molecule. The stannylenespecies such as benzyne derivatives were formed and experi-

is obtained byo-elimination from the hydrostannyl intermedi-
ate®” Indeed, the thermal decomposition of the hydrostannyl

mentally trapped. In the same way, Wekerma ét have shown
that the reaction of hydrofluoromethane with'&peH formed
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Chart 1. Definition of o and # Positions in the Four-Center the DFT level using the BSPW&%2>hybrid functional. Geometry

Transition State optimizations have been performed without any symmetry con-
+ straints. Vibrational analysis has been done using analytic deter-
CF},' ,CP mination of the frequencies (harmonic approximation) in order to
La. estimate the thermodynamic and kinetic data at 298.15 K. The
AN intrinsic reaction coordinaté(IRC) has been followed to confirm
aR aRe -C
S that transition states connect to reactants and products.
R

Results and Discussion

Cp2CeF in a two-step process (Gp 1°-1,3,4-tByCsH,), where . . o
the second step corresponds to a carbenoide insertion into a #-Pathway: A Two-Step Pathway with Sn-H Activation
H—H bond. Thus, the possibility of generalizing this type of and H/Sn Exchange Let us start by considering the pathway
mechanism to other kinds of molecules, involving for example IMPlying two successive SrH bond activations. The calculated
the Sn atom, makes this study attractive from a theoretical point Pathway for the entire reaction is presented in Figure 1. As seen
of view. In this paper, all pathways leading to the bis-stannane " Figure 1*}?6 total reaction is calculated to be exergonic by
formation have been theoretically investigated using lanthanide 9-3 kcatmol™ and the higher activation barrier is found to be
catalysts. 9.2 kcatmol™*. This leads to a thermodynamically and kineti-

The main difference between alkane and stannane (or silane)@!ly favoraple reaction. _
is that in the case of alkane the-C coupling has been found First Step: Hydrostannyl Formation, CpoLaH + SnHs
to be kinetically unfavorablg8 Alternatively, a recent study ~ — CP2LaSnHs + Ho. For the first step of the reaction, which
of the dehydrocoupling process of primary sildfebas corresponds to the formation of hydrostanBythe reaction is
concluded that this process was occurring through -aHSi caICl_JIated to be exergcirluc by 18.3 kcabl:ll, Wlth an activation
activation and a subsequent H/Si exchange. This was inParrier of 9.2 keamol™ (—2.9 kcatmol™ in enthalpy with
agreement with the previous theoretical study on thetSi respect to the reactants). The difference from the value reported
activation of SiH by lanthanocen& since botho and f by Neale and Tille§ is clearly associated with the difference
positions (see Chart 1 for the definition of these positions) in ©f the metallic fragment and the lack of steric hindrance of the
the four-center transition state are accessible to Si. Thus, it is Stannane with respect to the bismesityl one used experimentally.

of interest to see how different the reaction paths can be in the The reaction starts with the formation ofseadduct of Snil
case of stannane. from the reactant GjhaH 1. This adduct3 is calculated to be

In this paper, the reaction pathways for the stannane dehy_destabilized by 8.2 kcahol~* with respect to the free reactants.

drocoupling reaction catalyzed by £@H, used as a generic This destgbilization is mainly due to the loss of.translational
model of metallocene hydride, have been computed for the @Nd rotational entropy of the free stanndheThis adduct
stannane SnHusing DFT methods. It should be noticed that CONNECts to transition sta@ o

SnH, is sterically very different from the secondary stannane At the transition state, Sn is at the position in the four-
used by Neale et &(MesSnhb). However, the steric effects Mmembered ring (see Chart 1 for the definition @fand
associated with the two mesityl substituents (which have beenPOsitions). The activation barrier is found to be 9.2 kel
modelized by phenyl) will be discussed only with regard to the 'elative to the separated reactants but only 1.0 -kuai*
thermodynamics of the first step. Moreover, the metallic relative to the addy(ﬁ. Thus,3 efficiently prepares the transition
fragment is also less encumbered than the correspondingState. The transition sta@then connects to anzhdducts,
hafnium one; the charge is also different, and this can lead to Which is stabilized by 10.4 kcahol™* relative to the separated
different results from experiment. All the free-energy profiles "€actants. Then the release oftby 4, yielding the intermediate
have been computed at 298.15 K. Three different pathways SOMplex CpLa(y>-Snh), is thermodynamically favorable by
leading to SA-Sn coupling have been computed and will be 7.9 kcglrr_]olfl. T_hls exergonicity e_ssentlally originates from
discussed. The first one is based on an H/Sn exchange, whereal!® gain in rotational and translational entropy. It should be

the two other pathways imply a stannylene (or stannylenoide) noticed that two different isomers could have been optimized
formation. for the hydrostannyl complex. The first one, labeteds lower

in energy by 4.5 kcamol~ than the other one, labelé&d The

. . difference between these two complexes is an interaction
Computational Details

i ing—11 _ (21) Trinquier, G.J. Chem. Soc., Faraday Trank993 89, 775.
In p.re"'ous studie&; ! we have SPSOWn that large core pseudo (22) Hariharan, P. C.; Pople, J. Aheor. Chim. Actdl 973 28, 213.
potentials from the Stuttgart grotfp® allow a good treatment of (23) Frisch, M. 3.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.. Robb,

the lanthanide center. The lanthanide center has been treated withv. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
the optimized basis set augmented by a set of polarization functionsR. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K.
(namely an f function with an exponemtequal to 1.000). Tin atoms ~ N.; Strain, M. C.; _Farkas,”_o.; Tomasi, J.; Bgrorp_fef, V.; Cossi, r':" (lzf.‘m”?"
have been re_presented with an EQ_ZQnd the_ adap'ged basis set, Eétel\:lsesrgnnecgl, E.';’ :yoar{;e’ ||='>.CY'.'; ’éﬁm&‘; CM'brgk'urcT’:g" KS ; ,\?;”éEYrSD!’}g";'
augmented with a set of d polarization functions with an exponent Rapuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
equal to 0.2841 The carbon and hydrogen atoms are treated with W.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
an all-electron doublé&; 6-31G(d,p}? basis set. All the calculations ~ Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

: - - : M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill,
have been carried out with the Gaussian 98 suite of progfaahs P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-

Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98A.9; Pittsburgh,
(17) Wekerma, E. L.; Messines, E.; Maron, L.; Perrin, L.; Eisenstein, PA, 1998.
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Figure 1. Calculated reaction pathway for the Snitshydropolymerization process. The free energies are given at 298 K, and the enthalpy
values are in parentheses.
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Figure 2. Optimized structures for the StH activation reaction.

between La and a StH bond @_agostlc |nteract|on)’ observed Table 1. Selected Distances of the Stationary Points of the

in 5. The strength of this interaction could be estimated as 4.5 First Step (Sn—H Activation of SnH, by Cp.LaH)
kcalmol~1. The overall driving force of this reaction relies on 3 2 4 5 3
the strength of the HH bond (~104 kcatmol~1)28 with respect La—H (A) 2.15 2.16 2.70

to the Sn-H one (~74 kcatmol=1).28 Hence, if we do not take La—Sn (A) 3.62 343 3.22 3.22 3.32
into account thex-SnH-agostic interaction, the kdd bond is La—H(Sn) (6\_\) 280 251 3.30

stronger than the L-aSn bond by~16 kcatmol™. This balance h‘r’(‘gr';')(sl_?)(/g)) 223?32 12'233 g;‘g 243 435
decreases to-12 kcatmol~! when considering the agostic H'—Sn—H (deg) 109 107 98 97 101

interaction. Before, analyzing the energetic results on the second
step of the process, let us discuss the geometry of the stationanhydrogen atoms are negatively charged, respectivély21 for
point optimized in this first step. The geometries are presented H(Sn) and—0.27 for H(Sn). Thus, it could be noticed at this
in Figure 2 and Table 1. stage that Snidis interacting in an electrostatic way with the

In 3, the stannane is oriented in such a way that two metal and that no interaction between La and Sn could be
hydrogens, labeled H(Sn) and(8n) in Table 1, are pointing  observed. This is in agreement with the fact that@Gaexis of
toward the metal center. H(Sn) is the flying hydrogen that will the remaining Snklis oriented in the direction of the flying
form H, while reacting with the hydride, and'¢Bn) interacts hydrogen. According to the charge analysis and the optimal
in an agostic way. A NBO analysgfsof this adduct shows that  charge distribution at the TS proposed in refs—3@, the
Sn is highly positively charged+0.84), whereas the two  electronic changes needed to reach the TS should be important.

(28) Frederikse, H. P. R.; Lide, D. RRC Handbook of Chemistry and (29) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
Physics 78 ed.; CRC Press: Boca Raton, 1997. 899.



3146 Organometallics, Vol. 25, No. 13, 2006

This seems not to be coherent with the small energy change
obtained (this will be discussed in the next paragraph).

The geometry of the transition staeis very close to the
one obtained for the stannane addBcas seen from Table 1.
Indeed, the lanthanum hydride bond length is not much
elongated (0.01 A) with respect to the adduct. The stannane
came closer to the metal center in order to lead to a shorter
distance between the flying hydrogen and the hydride (1.60 A
vs 2.33 A in the adduct). On the other hand, this sliding has
not changed the orientation of ti@ axis of the SnH, which
is still oriented toward the flying hydrogen H(Sn). Thus, these
small geometrical changes explain the small energy difference
between the transition state and the add8wciThis is also
confirmed by a NBO analysis on the transition statshowing
that no important electronic changes have occurred between the
adduct and the transition state. Indeed, the charges of H(Sn)
and H(Sn) are almost the same as in the adduct (respectively

Raynaud et al.
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Cp,LaSnHPh, agostic
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—0.20 and—0.28, compared te-0.21 and—0.27). The charge  Figyre 3. Geometry of the hydrostannyl complexes with phenyl
on Sn has decreased t0.75, but no interaction could be  groups.

observed between La and Sn, essentially due to electrostatic

repulsion. Thus, this transition state cannot be clearly viewed toward the metal center, whereasSrthis axis has the same
as a metathesis transition state, but rather as an acido-basi@rientation as ird. A NBO analysis performed on the two
reaction in the field of the metal center. This transition state is isomers shows that ib Sn is positively chargedt0.11) and
stabilized by a nucleophilic assistance ¢f%h), which interacts ~ H' negatively charged<0.41), whereas i8' Sn is marginally
with the metal center. It should be noticed that the charges Negatively charged<0.004). Thus, in the latter, the electrostatic
obtained are in agreement with the lower electronegativity of interaction between the Satigand and the metallic fragment

Sn than H.
The geometrical parameters of the Bdduct4 are classic
for an adduct in the lanthanide case. The bbnd is not

will be lesser than irb, leading to a less stable isomer. The
stability of the hydrostannyl complex with respect to the
reactants is in agreement with experimental observation. How-

activated, and one is not expecting a strong interaction betweeneVer, from the experimental point of view, Neale et alave

H, and the metal center. On the other hand, for compl&xes
and 3, no interaction between La and Sn could have been
observed. Thus, let us focus on the “t8n” bond. As can be
seen from Table 1, the k&Sn distance has been reduced to
3.22 A, but at the same time, the -:e&H'(Sn) distance has
decreased from 2.89 A at the transition stat® 2.43 A in4.
Moreover, within the Snklligand, the angle H-Sn—(other H)

is very acute (98, which is in agreement with an interaction
between Mand the metal center. It should be noticed that this
angle has been reduced by roughly #6th respect td®. Thus,

it seems that the interaction between grafid La is mainly
through H rather than Sn. This is also confirmed by the fact
that theCs; axis of SnH is not pointing toward the metal center
and by a NBO analysis indicating that Sn is still positively
charged 40.13, which is much less than at the transition state,
+0.75) and that His negatively charged«0.41, which is much
than at the transition state;0.27).

The release of b can connect to two different minima,
labeled5 and5'. In 5, as seen from Figure 2 and Table 1, the
interaction between Hand La is still observed. On the other
hand, in5', the interaction is not present. The stabilizatiorbof
corresponds more or less to the standard value of 8rkodi?!
for the gain of translational entropywhereas the stabilization
is lower in5', 3.4 kcatmol™1. Thus, one is expecting that the
geometrical parameters fwill be close to those id and rather
different from those ir¥'. This is in agreement with the results
presented in Table 1. In particular, it should be noticed that the
La—Sn distance i’ is longer than irb by 0.1 A. On the other
hand, as can be seen in Figure 2, Geaxis in5' is oriented

(30) RabaaH.; Saillard, J. Y.; Hoffmann, RJ. Am. Chem. S0d.986
108 4327.

(31) Saillard, J. Y.; Hoffmann, Rl. Am. Chem. S0d.984 106, 2006.

(32) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.; Nolan,
M. C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, JJEAmM. Chem.
So0c.1987, 109, 203.

reported that no interaction between the metal center and the
Sn—H bond could have been observed. It seems to be different
in the lanthanum case than in the hafnium one, since the
stabilization is rather important (4.5 kealol™%). To check the
possible influence of the stannane hindrance, a calculation on
the thermodynamics of this first step with Ssity, has been
performed. The two hydrostannyl isomers have been optimized,
and the obtained geometries are presented in Figure 3. The
formation of the agostic hydrostannyl complex from,CaH

and SnHPh is calculated to be exergonic by 18.8 keabl™2.

This value is in excellent agreement with the value of 18.3
kcalmol~! obtained in the case of SpHThis agostic complex

is found to be more stable than the nonagostic one by 8.5
kcalmol~1, which is 4 kcaimol~* more than with Sni Thus,

a more bulky stannane increases the difference betwesm

5, and thus, the difference seen in the experiment is due not
only to the steric hindrance of the stannane but also to the
difference of the metallic fragment. Indeed, the metal center in
[CpCp*Hf(SNHMesg)CI] is octavalent; therefore the establish-
ment of ana-SnH-agostic interaction would preliminary require
decoordination of the chloride ligand. Such an agostic interaction
would be persistent in time if it is stronger than the bonding of
chloride, which is most unlikely. In the lanthanum case, complex
5 is neutral and the lanthanum center in already octavalent;
hence the loss of this interaction disfavors the stabilization of
the metal center. Finally, according to our computational results,
SnH, is a rather good model for investigating the reactivity of
the stannane.

On the basis of this validation of our model, let us investigate
the second step of the reaction and the formation of the bis-
stannane.

Second Step: Bis-Stannane Formation by Means of H/Sn
Exchange from Hydrostannyl, CpLaSnH; + SnH; —
CpioLaH + SmHe. Let us focus now on the second part of the
free-energy profile presented in Figure 1, which corresponds
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to the reaction of a stannane molecule on the hydrostannyl ©

complex to form the bis-stannane. First of all, it should be @ €

noticed that all the stationary points of this step are found to be ‘., ¢ o€ t - 1 .
below the reference, which has been chosen to béatpand | pe ! ) ﬁr

two molecules of Snid Thus, this reaction is not the rate- P o "-& 0_& ©
determining step. However, the reaction is calculated to be . ; A
endergonic by 9.0 kcahol™1, with an activation barrier of 15.5 ¢ @ b

kcalmol™1. This reaction seems not to be very productive, and Ve (% <

this could be related to the fact that only 31% conversion into

bis-stannane is experimentally observed after reaction of theSnH, adduct to Cp,LaSnH; 7 SnH, activation TS by Cp,LaSnH; 6
entire amount of stannane. One can conclude that, if this step

represents the experimental mechanism, it controls the turnover ‘t e ® b 4 e @ ¢
of the stannane into bis-stannane and that the control is mostly € ‘ @ . €@
thermodynamic. s @ © " '

e reaction starts with the formation of @adduct of y L_‘ @
stannané from the hydrostannyb. This adduct is found to be (T . © © ¢
destabilized with respect to the free molecules by 7.2-kuali . ¢
This is slightly less than in the case of the addiidtlowever, SnaHy adduct with secondary SnyHg adduct to Cp,LaH 10

interaction to Cp,LaH 8

as in3, this destabilization is mainly due to the loss of entropy. o )
Adduct? connects to the transition Stﬁewhere the |ncom|ng Flgure 4. Optlmlzed structures for the H/Sn eXChange reaction.

Sn atom is at the position in the four-membered ring. The  Tape 2 Selected Geometrical Parameters of the Stationary

activation barrier is calculated to be 15.5 koabl~* relative to Points of the Second Step (bis-stannane formation by means
the hydrostannyl complex and 8.3 kcaimol™! relative to the of H/Sn exchange from hydrostannyl:
adduct7. Thus, it is possible to conclude that the addudbes Cp,LaSnHs; + SnH; — Cpi.LaH + SmpHg)
not efficiently prepare the transitions state and that energy- 7 6 8 10
demanding changes are necessary to réaéltonnects to the Lot (A) 243 256 557 6.16
complex8, which is a hypervalent complex of @t;~. This La—Sn (A) 3.24 324 3.29 578
complex is found to be marginally stabilized with respect to La:++H (A) 2.49 2.25 2.23 2.21
the transition staté by 0.7 kcaimol~1. A similar behavior has ga'"gn (ﬁ) 3-23 ngs g.gg gg;
. X . ; n-Sn , . . .
already been reported in the Iltteraturg in the case o_f silane H_Sn”(Sn) (deg) o o5 P o
complexes by the group of Sabo-Etiefhen ruthenium H'—Sm+Sn (deg) 112 122 122 112

chemistry and by Perrin et &.on the deshydrocoupling of ) )

silane. This hypervalent complex is stabilized by a secondary toward the metal center but to the incoming Srfragment.
interaction between SrH and the metal. This secondary ~However, the SrSn bond is not yet formed (distance of 4.18
interaction was defined as a SISHA interaction by the group of A). Thus, it can be concluded that this adduct does not efficiently
Sabo-Etienné3 Thus, to release the bis-stannane, it is necessary Prepare the transition staéesince geometrical changes, such
to reach another transition staewhich is very close in energy S reorientation of th€; axis of the incoming stannyl and the
to the hypervalent complex (0.2 keaiol~L higher in energy). elongation of La-H’ bo.nd, are necessary to reach the transition
The secondary interaction is broken at this stage Sewblves ~ State6. A NBO analysis or reveals that the negative charge
to the classical bis-stannane addi@tThis adduct is stabilized ~ On H has slightly decreased with respecbt6-0.40 vs—0.43),

by 3.4 kcalmol~! with respect to the transition sta®e From but the interaction is still important. At the same time, the pharge
this adductl0, it is possible to regenerate the catalysbiGiH on Sn(H) has marginally increased-0.13 vs+0.11), showing
and to form bis-stannarfel. This release is marginally exergonic ~ that the hydrostannyl is not much activated. For the incoming
(2 kcakmolY) since the gain in entropy is small due to the size Stannane, the situation is slightly different since th(_a hydrogen
of the bis-stannane. Like in the first step of the process, let us that will be transferred to the metal center (H) is already
analyze the geometry of the stationary points. The optimized Negatively charged £0.37) and Sn is positively charged
geometries are presented in Figure 4, and for sake of clarity, (4+0.93). This confirms that the interaction _mvolves the hydrogen
the geometries related to the breaking of the secondary interacfather than Sn. Thus, addu@tcan be viewed as a classic

tions are not presented. Some key geometrical parameters aré&lectrostatic adduct. B . .
presented in Table 2. The geometry of the transition stéiés rather different from

that of the adduct. Indeed, as can be seen from Table 2, the
distance La-H' has increased by 0.13 A in order to decrease

interacting with the metal center through only one hydrogen the interaction with the metal center. This decrease is also

atom (labeled H in Table 2), and no interaction is observed with reflected by t_he incr_ease_ of the bond angl?—Er_r--Sn.
Sn (La—Sn distance of 4.00 A). Moreover, i@ axis of the However, the interaction with the metal center is still present.

remaining Snkl fragment of the stannane is oriented toward Sn(H) has not moved, since the; axis was already oriented

H. For the hydrostannyl complex moiety, the interaction between t‘?Wﬁfd the Incoming Snkl as shown by thg L Sn(H)
the metal and the ligand is still established through H distance, which remains constant. At the same t_|me, the stannane
Moreover, as can be seen from Tables 1 and 2, the hydrostanny[1aS cOme closer to the metal center, as described by the angle
is not activated since the geometrical parameters are the sam —Sn-Sn, which has increased by “15The La—H bond is

for 7 as for5. TheCs axis of the hydrostannyl is still not oriented ~ aimost already formed (2.25 A), as well as the-Sm one (3.16
A). The C; axis of the incoming Snkhhas rotated but is not yet

(33) Atheaux, I.; Delpech, F.; Donnadieu, B.; Sabo-Etienne, S.; Chaudret, oriented toward the hydrostannyl group. This axis |s_0r|ented
B.; Hussein, K.; Barthelat, J.-C.; Braun, T.; Duckett, S. B.; Perutz, R. N. towafd the metal center. However, a NBO analysis at the
Organometallics2002 21, 5347. transition state does not reveal any interaction between Sn and

In 7, the geometry of the stannane adduct is somewhat
different from the one found ir8. Indeed, the stannane is
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the metal center, since the charge on Sn is still positiv@ 15).
The interaction between'lnd La is confirmed by this analysis.

Indeed, the charge on'Hhas decreased with respect to the
adduct? but is still important {0.34). The charge on H has
increased to-0.47, revealing a stronger interaction. It should
also be noticed that the charge on Sh(Has also increased
with respect to the adducttQ.34). The total charges of the
two interacting Snhl fragments aret0.09 for the incoming
SnH; and —0.38 for the hydrostannyl, explaining the bond
formation.

The stabilization of the transition state by a secondaryt$n
interaction was confirmed by the NBO analysis. Thus, as one
would expect from the nature of the transition stétend due
to the fact that Sn has a tendency to stabilize anionic hypervalent

states, it connects to compl&where the two SxaH interac- <«
tions with the metal center are still present. A similar behavior
was already reported in the case of silatfeAs can be seen f @ k- — & %
from Table 2 and Figure 4, the geometry®fs very close to *x:v.;@' ) - v-@
that of the transition staté. This is in agreement with the b 64 .
relatively low energetic stabilization &fwith respect t6. The [ - - & _
i 1 i Ly 't ) '%_ -
only major change is the decrease of the-Sn bond distance \ @ . %G

by 0.11 A, which seems to indicate a stronger interaction.

To form the adduct0, the system should reach the transition Figure 5. Model structures fo6 with SnHPh.
state9, which corresponds to a rotation around the-Sm bond
in order to reach a trigonal bipyramid geometry aroun#(8h based on the experiment on the hafnium complex. The calculated
with the hydride (H) occupying an apical position. Since, the free-energy profile is presented in Figure 6.
rotation is not energy-demanding, it explains why the transition  Let us focus only on the second part of the free-energy profile,
state9 is only marginally destabilized with respect &(0.3 since the first part is the same as in the previously described
kcalmol™1). The geometry ofl0 keeps some features of the pathway. First of all, as can be seen from Figure 6, this process
transition state since theCz axis is still oriented toward the s less favorable than the previously described one. Indeed, this
hydride. The geometry around Sn, which interacts with the process needs to reach two different transition stét2snd
hydride, is still a slightly distorted trigonal bipyramid. It should 15, which are calculated to be higher than the reference,
also be noticed that one of the hydrogens of the trigonal plane respectively by+12.8 andt22.7 kcaimol™™. Thus, even if this
interacts with the metal center, leading to a stabilizing interac- process is kinetically accessible, the activation barriers obtained
tion. Moreover, the SaSn bond distance has decreased to 2.87 are significantly higher than the highest one obtained in the
A, leading to a more covalent bond. Thus, this is in agreement previous case by respectively 15.6 and 25.5 koal™*. Thus,
with the stabilization of this adduct with respect to transition according to our calculations, this pathway is not competitive
states6 and 9. with the one previously described.

The first part of this second step consists in the formation
and the release of the stannylene gSnFhe formation of the
stannylene fron®b is achieved by reaching the transition state

The entire process is thus calculated to be kinetically
accessible for the stannane with the lanthanide catalyst. This
mechanism was ruled out by Neale et®aljth the smaller ) S - o )
hafnium atom, based on steric hindrance around the metal centeft2With an act_ll/ann_ barrier of 31.1 keahol relat_lve tosor
due to the size of the secondary stannane experimentally used12-8 kcalmol™ relative to the referencé. The height of the
as well as the detection of cyclostannanes potentially yielded activation barrier is associated with Fhe 'mE?o”af‘.‘ s"tablllty of
by cyclo-oligomerization of stannenes. The calculation of the the hydrostannyl complei('and alsp W'f[h the §tab|I|ty of thg
transition state with four phenyl rings around the metal center stapny!eqe. However, th.'s reaction IS kinetically accessible,
is still complicated to achieve considering the size of the system, Wg'Ch IS In agreement with the experiment done by Neale et
and so we have decided to only model the hindrance aroundal' Thus, from12, it is not yet possible to release the stannylene

. SnhH. Indeed, it should be noticed that the low “stability” of
the metal center by replacing only four hydrogen atoms by four . .
phenyl rings on the optimized geometry@fOne should note the free stannylene is observed by the formation of the adduct

.13, which is stabilized by 4.1 kcahol™* with respect tol2.
that the geometry has been relaxed. As can be seen from F|gurq:r0m this adduct, it is possible to release the free stannylene.

5, no important steric effect_s can be observed, and thus, this he stannylené4 is found to be a singlet, which is more stable
pathway seems to be accessible with encumbered stannane, SURan the triplet one. The reaction is calculated to be endergonic

T e e e by 0.t csimal i respect o e ycrosany compss
hafnium used experiment,aIIy and is very unlikely to occur. At this stage, it should be kept in
) ' ) ~mind that the intrinsic stability of the stannylene is very
This pathway needs to be compared with the other possible yependent on the choice of the stannane. In particular, it is clear
pathway in order to check if it corresponds to the_ most kine- that SnH would be less stable than SnMédsr SnPh) since
tically accessible one. As all the pathways begin with the same the |one pair would be stabilized by electronic delocalizatfon.
first step, only the second step will be discussed in the following. A calculation using SnkPh, has been carried out, and the free
Stannylene Pathway: A Two-Step Pathway with SArH energy of diphenylstannylene formation is calculated to be
Activation and Stannylene Insertion into the Sn—-H Bond. endergonic by 25.3 kcahol™, which is only 5.1 kcaimol™!
This pathway corresponds to the one proposed by Nealéfet al. less than for Snk This value is in agreement with the fact the
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Figure 6. Free-energy profile of the “stannylene pathway”. The free energies are given at 298 K, and the enthalpy values are in parentheses.
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Figure 7. Optimized geometry of the stationary point of the “stannylene pathway”.

free stannylene SnPRls stabilized, but this small stabilization Table 3. Selected Geometrical Parameters of the Stationary

S . Points of the Stannylene Formation
does not overcome the fact that the reaction is highly endergonic. : y :

The second part of this second step corresponds to the inser- 12 13
tion of SnH into a Sn-H bond of SnH. This insertion begins La—H (A) 2.20 2.14
by the formation of the adduc6, which is found to be de- La---Sn (A) 3.19 3.31
stabilized by 3.2 kcainol 2. This rather low destabilization can SmH ) 292 482

Y o. - H—Sn—H (deg) 95 96

be explained by the fact that the adduct formation overcomes
the low stability of the stannylene, but one still has to pay for Table 4. Selected Geometrical Parameters of the Stationary

the loss of entropy of SnHThus, the transition statis has to Points of the Stannylene Insertion

be reached. The activation barrier relative to the free stannylene 16 15 11
14is calculated to be 10.6 keatol™*, which is 7.4 kcaimol ™! Sn (stannyleneyH (bridging) (A) 207 173 172
above the adduct6. This value is in agreement with the one Sn (stannane)H (bridging) (A) 1.82 2.91 3.78
estimated by Trinquie# 12.4 kcalmol~! at the MR level of Srr--Sn (A) 3.43 3.04 2.81
calculation. Thud 5 leads to the formation of the bis-stannane ~ S™*-Sn—H (deg) 30 69 110
11

The geometries of the optimized structures are presented in| N K€y geometrical parameters are presented in Table 3 for
Figure 7. The geometry of the free stannylene is not included. the stannyle_ne formation and in Table 4 for_t_he insertion of the
stannylene into the SrH bond. At the transition staté2, the
(34) Borden, W. T.; Gritsan, N. P.; Hadad, C. M.; Karey, W. L.; Sn—H bond is already broken (2.92 A) and the hydride and the
Kemnitz, C. R.; Platz, M. SAcc. Chem. Ref00Q 33, 765. stannylene are already formed. It should be noticed that the
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Figure 8. Calculated pathway for the stannylenoide-like reaction. The free energies are given at 298 K, and the enthalpy values are in
parentheses.

H—Sn—H angle inside the stannylene is acute °(95This NBO analysis at the transition state indicates that the three
geometry was already proposed by Tringtfiavith an angle hydrogen atoms are negatively charged, whereas Sn is positively
of 92.5 at the Hartree Fock level. It should be noticed thatin  charged. Moreover, at the transition state, it should also be
12, due to the low stability of the formed free stannylene, $nH noticed that the SnfHcoming from the stannane is positively
has moved above the equatorial plane, and one would expecttharged {0.10), whereas the other SgHoming from the

an interaction with the electron-rich Cp ring. This was already stannylene, is negatively chargedQ.10). Thus, this transition
observed in the case of carbene by Wekerma ét d@his state is not stabilized by a covalent interaction but rather by an
situation is even more pronounced in the addigt electrostatic interaction.

Indeed, it should be noticed that the stannylene is interacting  Thus, according to our calculation, this pathway seems to be
with the Cp ring since one carbon atom is slightly pyramidal. ynlikely to occur in order to produce bis-stannane if some
This interaction stabilizes the complex and thus is in agreementstannane molecules are still present in the solution. This is
with the low stability of the free stannylene. It should be noticed mainly associated with the lower stability of the free stannylene
however that this kind of interaction would be unlikely to occur with respect to the hydrostanny| Comp|ex_ However, it should
in the case of SnMe®r SnPh. Indeed, due to steric repulsion e noticed that from a kinetic point of view this reaction is
between the phenyl rings and the Cp ones, the stannylene wouldxccessible, and thus this reaction would certainly occur in the
probably not interact with the Cp ring. Thus, it should be noticed apsence of stannane in the solution, leading to oligomerization
at this stage that this is a difference between stannane ancof the free stannylene. Since this pathway is mainly unfavorable
secondary stannane. For the stannylene insertion into theqye to the formation of free stannylene, a concerted mechanism
stannane molecule, the optimized geometries for stannylene jn which the stannylene is quenched by the incoming stannane
stannane complek6 and the bis-stannarid are very standard  consequently to its formation has been considered. This was
and are in agreement with the results proposed in the litera- proposed by Wekerma et Hl.for carbenoide. This pathway
ture?-35%However, the geometry of the transition stateis would not imply the energy-demanding step of free stannylene
different; therefore, this geometry is discussed. release.

As can be seen from Figure 7 and Table 4, at the transition Stannylenoide Pathway: A Two-Step Pathway with Sa-H
state, the SnSn bond is almost formed (3.04 A). Moreover, = activation and Stannylenoide Insertion into the Sn-H Bond.
the hydrogen of the stannane that is bridging between the tWo o calculated pathway is presented in Figure 8. As in the
interacting moieties is already trangferred into the stannylene previous part on the free stannylene pathway, only the second
(Sn—H bond length of 1.73 A). This geometry was the one step of the process is important. As can be seen from Figure 8,
proposed in the literatur.However, it should also be noticed the process begins by the formation of the addi&t This
that the remaining hydrogens on the stannylene are pointing in ;44 ct is destabilized by 7.2 kealol! with respect to the
the direction of the ‘”Com‘r.‘g Sn atom. This is qui.te unexpected hydrostannyl comple. This is in agreement with a loss of
since it looks as if the hybrid Spf the formed Snilis pointing 2 ns|ational entropy of the stannane by coordination to the metal
in the opposite dlr_e_c_tlon of th? _other Sg]l—_Thus, this seems complex. Thus, for this adduct, one has to reach the transition
not to be very stabilizing, explaining the height of the activation ¢-ta17 \which lies 22.9 kcamol-% above the reference leading
barrier with respect to the stannylenstannane complek6. A to an activation barrier of 41.2 keahol! with respect tob.
From a purely kinetic point of view, compared to the entrance

35) Becerra, R.; Frey, H. M.; Mason, B. P.; Walsh, R.; Gordon, M. S. . . . . -
3. ,&m? Chem. S0d.992 )114, 2751. channel, this reaction is still accessible. From the adduct, the
(36) Fernandez-Sanz, J.; Marquez, JA.Phys. Chem1989 93, 7328. activation barrier is calculated to be 34.0 koabl™%, leading
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Figure 9. Optimized geometry of the stationary points for the stannylenoide pathway.

to the conclusion that the adduct does not efficiently prepare  For the three pathways, the second step, leading to the bis-
the transition state. Thuy connects to the bis-stannane adduct stannane formation and the regeneration of the catalyst, is
10. Like the first process discussed, frdi@l bis-stannané1is calculated to be endergonic by 9.3 keabl~* with respect to
released. the hydrostannyl complex. Thus, we can conclude at this stage
As seen from Figure 8, the highest point in the free-energy that the second step is already under thermodynamic control.
pathway corresponds to the insertion of the stannyloide into grom g kinetic point of view, it has been demonstrated that all
the Sn-H bond of the stannane. It is noticeable that the value {hree pathways are kinetically accessible. The most kinetically
of +22.9 kealmol™ is in excellent agreement with the value  ;-cossible corresponds to an H/Sn exchange between the
ggﬁ,ﬂngg tfr?(; tl;?aknrf:arl::gi Qozf Tiéﬁ?ﬂiﬁi‘lﬂ)ny_:%zi miioctgr? Bbg stannane and the hydrostannyl complex. This pathway is favored
' ) ' with respect to the other two by more than 25 keall™1. A

concluded that the insertion of the stannylenoide into thetsn . o .
bond of the stannane is simply the same as the insertion of themodellng of the nature of the transition state with the more bulky
stannane (SniPhy) shows that this transition state is not

free stannane and that the metal is not playing any role. This is . 2

confirmed by the geometry of the transition sta presented sterically destabilized. The pathway proposed by Neale &t al.

in Figure 9. with a hafnium catalyst based on the free stannylene formation
Indeed, as can be seen from Figure 9, the geometry of theiS found to be less favorable in the lanthanide case, mainly due

transition statel7 is very similar to the one described for the to the low stability of the free stannylene. To assess the influence
transition statd5. The bridging hydrogen is already transferred of the metal center on the calculated pathway, the calculations
to the stannylene, and the remaining hydrogens are pointingare currently done with the hafnium-based catalyst. A similar
toward the incoming SnidIn that case, the explanation of why  behavior has been obtained with a more stabilized stannylene
the sg orbital is not pointing toward the incoming Sgis more (SnPh). The stannylenoide pathway has been demonstrated to
obvious since the hydride is still trans to the incoming &nH  be similar to the stannylene pathway, since the metal plays no
Thus, the stannylenoide is still interacting with the hydride role in the insertion of the stannylenoide into the-$hbond

through an sporbital and the bis-stannane is stabilized by an  of the stannane. The only difference is that in this pathway there
electrostatic interaction. Since the geometries are very similaris no need to release the free stannylene.

between transition staté5 and 17, it is normal that the . .

calculated activation barriers are similar. Thus, this pathway is Thus, accordlr_lg to our cal_culatlons, one can conclude that

similar to the one presented in the previous section, except that"e Stannane mainly reacts with £LpH to form the hydrostan-

the endergonic formation of free stannylene is not necessary.Ny! complex that accumulates. This is in agreement with the
experimental results from Neale et @kince after 2 h, 64% of

Conclusion the metallic complex is hydrostannyl. Thus, a part of the
hydrostannyl could react with stannane in an H/Sn exchange
In this paper, the catalytic formation of bis-stannane in the process to form bis-stannane and to regenerate the catalyst. After
presence of ChaH has been investigated by DFT. Rather than complete conversion of the stannane, the hydrostannyl can only

the secondary stannane used experimentally by Neale ®t al., gecompose according to the free stannylene formation pathway.
the calculations were carried out with the simplest stannane This leads to oligomerization of stannylene.

SnH,. Three different pathways leading to the bis-stannane

formation have been investigated. All three pathways are two-

step mechanisms starting with a common first step, which is  Acknowledgment. The authors are grateful to CINES and
the hydrostannyl formation by SrH activation. This step has  CALMIP for a grant of computer time.

been calculated to be exergonic by 18.3 ka1, and the
formed hydrostannyl complex is stabilized by a-$ha-agostic
interaction. A similar free energy of reaction has been obtained
in the case of a secondary stannane, Sl The stability of

the hydrostannyl complex is in agreement with the experiment
by Neale et al® since the authors managed to crystallize this
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