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Kinetic studies have been performed for the substitution of the first silyl ligand in (Me;N)sTa[Si(SiMe3)s], (1) by
Li(THF)3SiBu'Ph, at 233 K (THF = tetrahydrofuran). In the presence of excess Li(THF);SiBu'Ph,, these studies
reveal that the reaction likely follows a dissociative pathway. THF, a polar solvent, is found to promote the substitution,
and the order of the reaction with respect to THF is 1.7(0.3).

Substitution is a fundamental reaction of organometallic [(SiMes)s]} ~, to reach the equilibrium in eq®lln an analo-
complexes,and it has played an important role in the forma- gous exchange involving (MR)sZr(SiBuPhy) and SiBiPh~
tion of metal complexe%.® The substitution of ligands by  (eq 2), an unusual bis(silyl) intermediatans-(Me,;N)sZr-
silyl anions SiR~ is a common synthetic pathway to yield (SiBuPhy),~ was isolated and structurally characterized.
metal silyl complexes. There have been relatively few studies
of kinetics and mechanism in the substitution reactions invol-
ving silyl ligands?—¢ We recently found that the silyl ligand
in tetracoordinated (M#)sZr—Si(SiMe&s); undergoes a rever-
sible exchange with SiBBh,~, probably through a penta-
coordinated, bis(silyl) intermediafg¢(Me,N)sZr(SiBuPhy)-
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Silyl Substitution in Tantalum Amide Silyl Complex

<]

SiBu'Ph, SiBu'Phy
ot © MeN.,,
,\,|e2,\l,.--‘2r\’\"‘/|92 + SiBu'Phy  —= Meszzr_NMez
Me,N (2)
SiBu'Ph,

AG=293 K= 141(05) kcal/mol

We were interested in whether the substitution of a silyl
ligand in the pentacoordinatedby SiBuPh,~ followed the

AN Crye=(nCrye  —InCrye ) ®)

min’

1 was prepared in situ at 23 in a Young NMR tube from
(Me;N)sTaCk (5.0 mg, 0.013 mmol) and Li(THE$iI(SiMe;); (16.4
mg, 0.0349 mmol) in toluends, using 4,4-dimethylbiphenyl (4.0
mg) as an internal standard (volurmel.07 mL). A small piece of
filter paper was placed on the top of the NMR tube in a glovebox.
Li(THF)3sSiBuPh, (50.0, 60.0, 80.0, 100.0, or 120.0 mg; 0.108,
0.130, 0.173, 0.216, or 0.260 mmol) was then put on the paper

dissociative or associative mechanism. The two, consecutiveand separated from the solution prior to the cooling of the solution.

reactions in eqs-34 were both silyl substitutions involving
an amide silyl comples or 2. They were expected to follow
similar mechanistic pathways, and we thus decided to
investigate the first substitution in eq 3. This reaction was
found to follow the dissociative mechanism. Tetrahydrofuran
(THF) in mixed THF-tolueneds solvents promoted the
substitution. Our studies are reported here.

Si(SiMes)s Si(SiMes)s

MeN/ 1o NMe, + LiSiBuPhy* = Me2N/TaNMe, 4+ LiSi(SiMey)s* 3)
P P

Me;N Me,N
Si(SiMes)s

1

SiButPh,
* THF is omitted from the formula 2

Si(SiMes)s TiBU‘th
MeN/ Ta—NMe, + LisiBuPh, = Me2NiTaNMe, 4 Lisi(siMes),
MeN Me;N SiButeh

SiBu'Ph, By

2

“4)
3

Experimental Section

All manipulations were performed under a dry nitrogen atmo-
sphere. THF was purified by distillation from K/benzophenone
ketyl. Toluenedg was dried over molecular sieves. (fgsTaCh,?
Li(THF)3SiBuPhy,% and Li(THF):SI(SiMe;)3?° were prepared ac-
cording to the literature procedurésl NMR spectra were recorded
on a Bruker AMX-400 spectrometer and referenced to tolune-
The NMR spectrometer was precooled to 233(1) K. Valudsg,@f
were obtained from at least two separate experiments for a
concentration of THF, and their averages are listed. The arder
and its uncertainty were calculated from an unweighted nonlinear

After the solution was cooled at 203 K for 10 min, the NMR tube
was flipped over to mix the solution and Li(THSiBuPh and
then immediately inserted into the NMR spectrometer. Values of
C1/Cy(0) and Crpe (0.61-0.74 M) were measured through the
integration of theitH NMR resonances{NMe, at 3.20 ppm for

1 and —CH,— at 1.34-1.35 ppm for THF). Values okg,s were
derived from the fitting of the data by first-order kinetics (rate
kob<C1; Kobs = Kobd Crret?) and are given in Table 1. Similar studies
were performed with differen€ryr. Crur and the rate constants
(Kops = kaCrue") are listed in Table 2.

Results and Discussion

Kinetic Studies of the First Silyl Substitution in 1.
Unlike 1, the intermediate (M#\)sTa(SiBUPh)[Si(SiMe3)3]

(2) is thermally unstabRé and has not been isolated. In
addition, the change in the concentrationftluring the
reaction betweerl and Li(THF):SiBUuPh at 233 K was
below the detection limit iftH NMR spectrat! In addition,

the two steps in the consecutive substitutions in eqs 3 and 4
are similar. The current work thus focused on the first
substitution L — 2, eq 3), and studies of the second
substitution 2 — 3, eq 4) were not conducted.

Two possible reaction pathways in Scheme 1 have been
considered for eq 3. The first pathway (Path I), a dissociative
process, involves Si(SiMi~ dissociation froml to give a
tetracoordinated intermediatd), followed by the addition
of SiBuPh,~. The second pathway (Path Il), an associative
process, involves the addition of SiBl,~ to 1 to give a

least-squares procedure and the error propagation formulas in eql€xacoordinated intermedia)( followed by Si(SiMe)s~

5, respectively?

2
(Al Crye)?

2_ 2(AInK? (aCTHF)2
(om) (Aln CTHF)4\ Crue "

ok 2
k
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Z.; McAlexander, L. H.; Diminnie, J. B.; Xue, Z0rganometallics
1998 17, 4853.
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4300. (b) Qiu, H.; Cai, H.; Woods, J. B.; Chen, T.; Yu, X.; Xue, Z.-
L. Organometallic2005 24, 4190.

(7) See the Supporting Information féif NMR spectra of the reaction
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1859.
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dissociation. Each substitution in egs8consumes 1 equiv
of Li(THF)3SiBuPh. To minimize the effect of eq 4 on eq
3, excess Li(THRSIBUPh (8- to 20-fold) was used.

If the dissociatve mechanism in Path | (Scheme 1) is
operative, the kinetic law for th& — 2 conversion through
the steady-state approximation is given in ety 6.

dcC, klkZCLiSiBu‘PhZCTHFn ~ k,C, (6a)
= L= a
dt k—1CLiSi(SiMe3)3 + kZCLiSiBu‘th ! bt
klkchiSiButthCTHFn
. (6b)

—1Clisi(simey, T KCuisipupn,

The effect ofCryr will be discussed below. Lédps = Kond

(10) Yu, X.; Xue, Z.-L.Inorg. Chem.2005 44, 1505.

(11) No detectable change in the concentratior2 @fas observed byH
NMR over the course (124 min) of one current kinetic study of the
reaction betweed and 12 equiv of Li(THRSiIBUPh at 233 K.

(12) Cuisi(siveys(av) = (0.0089 mmoH 0.0349 mmol)/(1.07 mlx 2) =
0.0205 M.
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Scheme 1. Possible Mechanic Pathways in the Conversiorl td 2
Path |
Si(SiMes); |® 1800 -
S Me;No. ButPh
- Si(SiMey)s 2 ,/Ta\NM + SiBu'Ph, o
K Me,N €2 8
ki “ ke X 1600
+ Si(SiMe3)(39 A
Si(SiMe3)s Si(SiMe3)3 Intercept = 1.1 x 1 0*
1400 + Slope =3.6 x 10
M N/,
2 Ta-NMe, MeNv. 12 _NMe, RP=098
MezN MezN T T T T T T T
Si(SiMes)s SiButPh, 0.08 010 012 014 016 018 020 0.22
1 2 CLiSi(SiMeS)S(av) / CLiSithBu'(av)
o, © Figure 1. Kinetic plot of thel — 2 conversion.
- SiBu Ph, SI(SIM83)3 S)
k: iBul
? A k3 MezN,.I.ar*\SIBLI Pz ka o Table 1. Observed Rate Constants for the~ 2 Conversion
- 1% .
+SiBuPh, MezN NMe, - Si(SiMe3)s Crur Kops x 10* Kobs x 10* Cusisuprh©)  ClisisiMeys(av)/
Si(SiMes)s (M) (s (s (M) Cuisiputrh(av)'?
B 0.67 2.7 54 0.101 0.23
Path Il 0.68 2.7 5.3 0.101 0.23
0.72 3.3 5.6 0.121 0.19
. 0.72 3.4 5.9 0.121 0.19
Crue", and eq 6b is thus 0.72 3.7 6.5 0.162 0.14
0.74 3.9 6.6 0.162 0.14
kiK;Cisigupn, 0.67 35 6.9 0.202 0.11
kob; = (7a) 0.70 3.8 6.9 0.202 0.11
k—1CLiSi(SiMe3)3 + szLisiButprb 0.67 3.6 7.1 0.243 0.089
0.61 3.2 7.5 0.243 0.089
K .C e
or i = M + l (7b) Table 2. Rate Constantk with Different Cryr Values
D KKC k
kObS 172™~LiSiButPh, 1 [Kobs £ 6k(ran)]
Crue (M) x 10* (Sfl)
In ot.her worQs, a plot of ks Vs CLiSi(SiMeS)JC:_LiSiBut% yvould 037 11+ 01
be linear, yielding values df; and the ratiok-1/k; in the 0.47 1.5+ 0.1
dissociative Path I. g-gg %j’i 8-1
If the reaction proceeds by tlessociatie pathway in Path 0.72 33101

I, a steady-state approach gives eq 8a. ,
aThe total uncertainty obk/k = 10% was calculated frorikganyk =

ek, 9.1% anddksysfk = 5%; Cy(g) at 0.141 M.
— n
—dCy/dt _mCTHF Clisigurn,C1 (8a)
Kots' VS Clisi(sives)s(@V)/Cuisisutrn(av) (Figure 1) is linear, as
When the forward reaction fdB is faster than its reverse expected for the dissociative Path I.

reaction (i.e. ks > k-3) and Li(THF}SiBUPh is in much THF Dependence of the 1— 2 Conversion.Both silyl
excesskops' is a function of Csisuter, (Parts b and ¢ of  reagents Li(THR)SI(SiMe;); and Li(THF);SiBUuPh, contain
eq 8) THF. Li(THF)3Si(SiMes); was also used to prepaten situ,

which was then employed in the kinetic studies. The presence
—dCy/dt = KiCrye ClisipurnC1 = Kovs'C1 (8D)  of THF is thus inevitable in the reactions. In studies to
. N establish the ordemnj of the reaction with respect to THF,
Kobs = KsCriir CLiSiButth (8¢) six THF concentrations were used, giving the kinetic plots
in Figure 2 andpsin Table 2. The plot of InKops x 104 vs

THF—tolueneds was completed in a few minutes at room

temperature. Current kinetic studies were thus performed at Inkypye=nIn Crye + Inky 9

233 K. Even at 233 K, the reaction was found to be fast,

and the fine control of both temperature and time of mixing  As a polar solvent, THF perhaps helps the dissociation of
1 with Li(THF)3;SiBuPh is important to obtaining accurate the anionic Si(SiMgs;~ ligand in 1 to give the cationic
kinetic data. In additionCryr needs to be controlled, as it intermediate [Ta(NMgsSi(SiMe)s]™ A (Scheme 1). In the
was found to affect the rate. The kinetics of this silyl transition state leading to the formation of catioAi¢from
substitution was monitored by the disappearance iof'H neutrall), there is a significant degree of charge separation.
NMR spectrd. Under these conditions, the disappearance THF may lower the energy of the transition state and the
of 1 was found to follow the kinetic law in eq 7. A plot of  activation energy of the FaSi bond cleavage process to give
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Figure 2. Kinetic plots of thel — 2 conversion with differen€rr values.
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Figure 3. Plots of kops x 10%) vs (In Crue) with different Crye values.

A. A highly solvent-dependent alkylation was reported by
DePue and Collum with a seventh order on TH®We have
also reported that, in @ SiMe;™ migration process (Scheme

Scheme 2 10
SiMe3
(Me3Si),N . N
3 ® (Me3Si)N,,
(Me3Si)2Nv—Zr\('3/LI (THF), (z( ev\Li®(THF)2
(Me;Si), N (MegSiN™ N
ECA H  “SiMe,
Scheme 3. Silyl Exchanges Involving (MgN)sZrSi(SiMes)s and
(MezN)3ZrSiBuPhySa
S‘i(SiMe3)3 SiButph, 7 © ?iBu‘th
Me,N'™ lzr\NMez Me,N.. Me,N'™ lzr\NMez
—_ Zr—NMe, _
Me,N = | MeN MeoN
¥ Si(SiMes) ¥
i(SiMeg
SiButPh,” Si(SiMes);”
Possible intermediate
Scheme 4
R,Si ©
toluene-d,
'\'162'\1"‘-|-|f—3iR2 + o Bxoess \ T e No exchange
MeN” | Li(THF);SiBuPh, ~ "o
NMe,
R = SiMes

why the substitution of the-Si(SiMe;)s ligands inl and 2
by SiBuPh~ is irreversible (eqs 34).

Given the bulky structure of the pentacoordinated, Zr bis-
(silyl) complex [(MeN)sZr(SiBuPhy),]~ (eq 2)% it is
perhaps not surprising that its Ta bis(silyl) analogue V)¢
Ta[Si(SiMe)3]2 (1) undergoes a dissociative pathway in the
substitution by SiBWPh,~ (Scheme 1, Path I). The first step
in this dissociative pathway is similar to the dissociation of
one silyl group from the Zr intermediates [(MM)sZr-
(SiIBUPhy)(SiRs)]™ (Rs = (SiMey)s, (Bu'Phy)) in Scheme 3
and eq 2, except that this step yields the cationic intermediate

2), the reaction rate is increased by added THF. The reactionA. A reacts with anionic SiBRh~ to give 2.

is 3.4(0.6)th order with respect @ryr, and this is attributed
to a possible multishell of THF molecules around tations
at the transition stat®.

Mechanistic Considerations.As noted earlier, the silyl
exchange equilibrium involvingronosilylcomplexes (MgN)s-
ZrSi(SiMe;); and (MeN):ZrSiBuPh in eq 1 is likely an

We reported earlié? that a mixture of chelating silyl
complex K(18-crown-){ (MesN)sHf[ 72-(MesSi),Si(CHy),-
Si(SiMe&;);]} and excess Li(THRBIBUPh revealed no
exchange at 23C in 24 h (Scheme 4). This is perhaps not
surprising, as the substitution of the chelating ligand by
SiBUPh,~ is thermodynamically unfavorable.

associative process through a pentacoordinated, bis(silyl) The current studies focus on the substitution reaction

intermediatg (Me;N)sZr(SiBuPhy)[Si(SiMes)3]} ~ (Scheme
3).52[(Me2N)sZr(SiBuPhy),] ~, an analogue of this intermedi-

ate, was directly observed in the exchange involving tetra-

coordinated (MegN)3Zr—SiBuPh, and SiBiPh~ (eq 2)521n

the exchange in Scheme 3, (MMB3ZrSiBuPh, is thermo-
dynamically favored over (M#\)sZr—Si(SiMes)s with, e.g.,
Keq= 193(1) at 263(1) K (eq 1). The Si(SiMey)s ligand is
bulkier than the-SiBuPh, ligand, although this alone may
not be the deciding factor. The high stability of complexes
containing the—SiBuPh, ligand(s) may also explain why
[(MesN)3Zr(SiBuPhy),]~ was observed (and structurally

characterized) but not its bis(silyl) analogues containing

either one or two-Si(SiMe;); ligands. The observations that
complexes containing the SiBuPh silyl ligand are more
stable than their-Si(SiMe&;); analogues may also explain

(13) DePue, J. S.; Collum, D. B. Am. Chem. S0d.988 110 5524.

betweerl and Li(THF}SiBuPh. Although limited in scope,
the work reveals that the first substitution likely follows a
dissociative pathway. A polar solvent was found to promote
the substitution. Given the similarities between the first
andthe second substitution, the latter, converthtp 3,
perhaps also follows a dissociative pathway.
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