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ABSTRACT: [Ir(COE),Cl], reacts with Et;SiH at 23 °C to
form a binuclear iridium complex (Et;Si),(H),Ir(u-Cl),Ir-
(H),(SiEty),, 1. Complex 1 reacts further with Et;SiH at 60 °C
to form a second binuclear iridium complex, Et;Si(H),Ir(u-
SiEt,),Ir(H),SiEt;, 2, containing bridging Et,Si groups. Activation
of 2 with H, produces trace quantities of a very highly reactive

(R = Et, Ph, -CH,Ph)

Ir complex
(0.25~1 mol %)

MeRSiH » Me;SiH + Me;RSiH + MeRSiH + R3SiH
23°C, 5~20 min

H, (1 atm)

but unobservable species which rapidly and efficiently catalyzes alkyl redistribution reactions of silanes, RRRSiH. D, and silane
exchange experiments establish reactivity features of both 2 and the reactive intermediate. The intermediate cannot be observed, but it
is likely a monomeric iridium silyl silylene complex that catalyzes alkyl scrambling via silane exchanges coupled with 1,3-alkyl migrations
between silicon centers. DFT calculations support such a mechanism.

KEYWORDS: iridium, bridged silylene complexes, redistribution of silanes, H,-triggered catalysis, 1,3-alkyl migration,

low-T NMR spectroscopy

Bl INTRODUCTION

Metal silylene complexes of the type L,M=SiR,'~"" have been
proposed as key intermediates in stoichiometric and cat-
alytic transformations including catalytic redistribution of
silanes,">™'6 various silylene-transfer reactions,'” >* and dehy-
drogenative silane couplings.”*">* Pannel reported Cp(CO)-
(L)Fe—SiMe; (L = CO, PPh;) catalyzes the thermal isomer-
ization of HSiMe,SiMe,R at 120 °C to produce a mixture of
HSiMe,SiMe,R and HSiMeRSiMe,** This transformation
was proposed to occur as shown in Scheme 1 with the
redistribution occurring through a combination of reactions
involving 1,2-shifts of —SiMe,R between iron and silicon in
Cp(CO)Fe—SiMe,SiMe,R and 1,3-shifts of alkyl groups
between silicon centers in the proposed iron silylene
intermediates, Cp(CO)Fe=SiR,(SiR’;).>*~*°

The key step to permit formation of a silyl(silylene) com-
plex as an intermediate is the creation of a coordinatively
unsaturated metal center via dissociation of labile ligands
such as CO and PPh;, which allows a-elimination and pro-
duction of an iron silylene complex. Isolation by Tilley,**~>*
et al. of numerous base-free transition metal silylene com-
plexes gives credence to the proposal of an iron silyl(silylene)
intermediate.

Ogino has reported similar chemistry. The silyliridium(I)
complex {1>-Me,Si(CH,),PPh,}Ir(PMe;); (20 mol %),>*
catalyzes the redistribution of methyl groups in
HMe,SiSiMe,Ph at 45 °C to lead to the formation of a
mixture of HPhMeSiSiMe; and HMe,SiSiMe,Ph in a ratio of
2:3; the catalytically active species decays during the
scrambling.*® Ogino suggested that, similar to the processes
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shown in Scheme 1, this mixture of hydrodisilanes results from
reversible formation of an iridium silyl(silylene) intermediate
via a 1,2-silyl shift coupled with a 1,3-Me shift in the silyl
silylene intermediate (Scheme 2).

Evidence for the silyl silylene intermediate is provided by the
stoichiometric reaction of the silyliridium(I) complex with
HMe,SiSiMe,OMe at 45 °C for 8 h to afford the methoxy-
bridged bis(silylene) complex:**~%

Me,
Me, Me, /Si ----- OMe
Si 45°C,8h Si P
PMe. ’ F—
Sk U 4 HMe,SiSiMe,0Me S Sive,
/| “PMe PR
p” | 3 - 2PMe; P | H
Ph; PMe;, Ph; PMe,

In related chemistry, Tamao found that Pd(PPh,), catalyzes
a chemoselective skeletal rearrangement of (alkoxy)oligosilanes,
which is proposed to involve 1,3-alkoxy shifts in a palladium
silylene intermediate.®"

Despite observations of catalytic redistribution reactions of
organodisilanes, there are no reports of catalytic alkyl
redistribution reactions of simple trialkyl silanes, RR'R"SiH,
via metal silylene intermediates. We describe here synthetic and
mechanistic details of an efficient catalytic redistribution of
trialkyl silanes employing a “ligand-free” dimeric silyliridium
complex as a precatalyst. This catalyst system shows high
catalytic activity at low catalyst loading (0.25 mol %) under a
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Scheme 1. Proposed Mechanism of Thermal Isomerization of a Hydrodisilane Catalyzed by an Iron Silyl Complex at 120 °C*?

(R=-Ph)
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Scheme 2. Iridium-Catalyzed Redistribution of Hydrodisilanes
Ve, . Me2 4
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r I
< Pieg s |\\SiMePh
. 3 P - PMe; P
HSiMePhSiMe; Ph; PMe, Ph; PMe,
g{ez PMe,
'\,.-PMe;  HsiMe,SiMe,Ph
P/l\PMe3 1,3-mig.
Ph; PMe,
Me2 . Me, H
[5'\| _SiMe,SiMe,Ph 1,2-mig. 5'\| _SiMe,
PMe; e | PMe, +PMe, / | “SiMe,Ph
th PMe, th PMe;
H, atmosphere for the redistribution of trialkyl silanes to give Me,EtSiH
an equilibrium mixture of scrambling products in 20 min at I
23 °C. Mechanistic studies show that only a trace amount of
the precatalyst und.ergoes actlva.tlon.by H, to form the active MooSiH Et,MeSiH
catalyst. On the basis of the studies cited above, we suggest that 3 /
this active species is likely a monomeric silyl(silylene) iridium .
complex. b
Et,SiH
Bl RESULTS AND DISCUSSION
In Situ Catalytic Redistribution of Trialkyl Silanes with
[Ir(COE),Cl],. In a preliminary experiment, we found that | ' | ' | ' | [ |
515 465 415 3.65 3.155

Me,EtSiH undergoes alkyl scrambling catalyzed by [Ir-
(COE),Cl], (COE = cyclooctene) (1.3 mol %) at 60 °C to
result in a mixture of Et,MeSiH, Me,EtSiH, Me;SiH, and
Et;SiH in 3.5 h (eq 1). The "H NMR spectrum of the reaction

[I(COE),CI]; (1.3 mol%)

Me,EtSiH Et,MeSiH + Me,EtSiH + Me;SiH + Et;SiH (1)

toluene, 60 °C,3.5 h 1 : 2 : 1 0.1

mixture exhibits four multiplets at J 4.13, 4.03, 3.93, and 3.84
that are assigned to the —SiH of Me;SiH, Me,EtSiH,
Et,MeSiH, and Et;SiH, respectively (Figure 1).

On the basis of the peak intensities of these signals, the
relative ratios of Me;SiH, Me,EtSiH, Et,MeSiH, and Et;SiH are
estimated as 1:2:1:0.1. This ratio is essentially unchanged
overnight, suggesting a complete scrambling of alkyl groups and
production of a thermodynamic mixture of silanes. As expected,
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Figure 1. '"H NMR (toluene-dg) spectrum of the alkyl redistribution
products obtained from Me,EtSiH.

e BC{'"H} NMR spectrum shows a total of nine singlets due
to Me,SiH, Me,EtSiH, Et,MeSiH, and Et,SiH. The *Si{'H}
NMR spectrum of this mixture shows three main signals at
6 —5.6, —11.2, and —16.4 due to Et,MeSiH, Me,EtSiH, and
Me;SiH, respectively, and a small signal due to Et;SiH (~3%)
at 6 —0.1. No signals due to di- and tetraalkyl silanes are
observed by NMR spectroscopy, suggesting a Si—H group is
necessary for scrambling, which results in chemoselectivity
during the scrambling reaction. Similar to Me,EtSiH, the
catalytic reaction of Me,PhSiH under the same conditions
leads to an equilibrium mixture of Me;SiH, Me,PhSiH, and
MePh,SiH in 5 h. The observation of signals due to free COE
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and of several iridium hydride signals at § ~—5.5 (m), —=7.5 (m),
and —12.8 (m) in the '"H NMR spectrum during the catalysis
implies that trialkyl silanes displace COE from iridium to form
silyl iridium hydride species, which catalyze the alkyl redistribution
reaction.

Synthesis and Characterization of a “Ligand-Free”
Iridium Silyl Complex 1. To probe the structure of the active
iridium catalyst, we carried out a stoichiometric reaction of
[Ir(COE),Cl], with Et;SiH (eq 2). Treatment of [Ir-
(COE),Cl], with 10 equiv of Et;SiH in benzene at 23 °C

H H
Et,SiH (10 equiv)  Et;Si cl SiEt,
[I(COE),Cl, \I|r< \||< + COE (2)
o . /
benzene, 23 °C, 5 min Et;,Si/lL Ci J| SiEt,

1

quantitatively yields [(Et;Si),IrH,(Cl)], 1, which could be
isolated as a yellow oil. Complete characterization of 1 was
accomplished by 'H, *C{'H}, and *’Si{'"H} NMR spectroscopy
as well as by elemental analysis. The iridium hydride appears as
a singlet at 6 —21.1, and triethyl silyl groups are observed at &
1.07 as a multiplet in the '"H NMR spectrum of 1. The integral
ratio of Et;Si protons to Ir—H is ~15, which is consistent with
the proposed structure of 1. Two *C resonances at 5 11.5 and
8.6 and a single *Si resonance at & 46.5 for the triethyl silyl
groups of 1 indicate equivalence of all triethyl silyl groups
on iridium. In addition, elemental analysis of 1 supports either
a monomeric or dimeric structure. Several attempts to recrystallize
1 from pentane at —30 °C were unsuccessful; however, we have
synthesized an analogue of complex 1, [(Et,PhSi),IrH,(Cl),],, 1/,
in a quantitative NMR vyield by reaction of [Ir(COE),Cl], with
Et,PhSiH (molar ratio 1:2.5) at 23 °C (see the Experimental
Section for NMR spectroscopic data for 1'). Slow evaporation of
pentane containing 1" at —30 °C gave, over S days, yellow crystals
that were subjected to an X-ray diffraction study. Although the
crystal structure of 1’ exhibits disorder of the ethyl groups, the data
clearly confirmed a chloro-bridged dimeric structure. These results
strongly suggest a dimeric structure for 1, as shown, rather than a
monomeric structure.

Thermal Reaction of 1 with Et;SiH To Give 2. Heating a
solution of 1 with Et;SiH (10 equiv) at 60 °C affords a new
complex, 2, as a red oil in 83% NMR yield in 1 h (eq 3).

. H H
E cl E
t3s'\ |r/ N |r/SI ° + 2Et;SiH
1
Eusi” | | sie
39l H H IEt3
1
Et
Et;SiH (10 equiv) T /Si2 H
— = Etsi ||r\ Ir—SiEt; + 2E4;SICI + 2CH;CH; (3)
toluene, 60 °C, 1 h H Etlz H
2

Complex 2 is assigned to the dimeric structure shown below.
Following the reaction by GC/mass spectroscopy of the head
space gas in the reactor shows that ethane is increasingly
formed as the reaction proceeds. In addition to 2, 'H and
C NMR analysis indicates the formation of Et;SiCl (**C signals
at 5 7.2 and 6.5); the ">C peak integral ratio of the Si—Et groups
on 2 to Et;SiCl is ~1:1, which is consistent with the stoichiometry
shown in eq 3 and indicates no chloride remains in 2. Com-
plex 2 exhibits an iridium hydride signal at 5§ —13.0 (singlet).
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The 'H integral ratio of ethyl groups on silicon to iridium
hydride is 12.5:1, which is in excellent agreement with structure
2. The BC{'H} NMR spectrum of 2 shows two types of Si—Et
groups: § 20.9 (—CH,), 16.2 (—CH,), 11.0 (—CHj), and 9.5
(—CH,) assigned via an HSQC spectrum (see the Supporting
Information). The most compelling evidence for the bridging
structure comes from the *Si{'H} NMR spectrum, which
exhibits two signals at 622 and 132.1. The former peak is clearly
assignable to a normal Ir—SiEt; group.”®

The later shift, § 132.1, is a highly unusual low-field *Si
shift. A terminal iridium silylene moiety, Ir=SiEt,, would be
expected to exhibit a shift in the range of § 225—265.%* Thus, 2
does not appear to be a terminal silylene. Such species are
highly electrophilic,°>%® and further evidence against a terminal
silylene is the inertness of 2 toward nucleophiles such as acetonitrile
and Et;N.

We could find no good models for the *Si shift in a
“bridging” iridium silylene complex; however, the low-field
shifts in rhodium® and iron®*® bridging silylene species
suggest large downfield *°Si shifts for such bridged silylenes are
reasonable. Thus, we propose a bridging structure for 2.
Unfortunately, complex 2 is not stable in solution without
excess Et;SiH and is soluble even in pentane. For those reasons,
to date, we have been unable to recrystallize this highly soluble
complex.

Redistribution of Me,EtSiH Catalyzed by 2 and Pro-
moted by Various Additives. The redistribution reac-
tion of Me,EtSiH with 2 as a catalyst was carried out with
pure 2 and with 2 in combination with various additives
(eq 4). Contrary to our expectations, the redistribution reaction

2, 1.3 mol%
Me,EtSiH

Et,MeSiH + Me,EtSiH + Me;SiH +Et;SiH  (4)
toluene-ds, additive (trace)

23°C

of Me,EtSiH in the presence of pure 2 (1.3 mol %) proceeded
at a very slow rate. For example, after 2.5 h at 23 °C, only
10 mol % of scrambling products (Et,MeSiH + Me;SiH + Et;SiH)
were produced relative to total silanes. During the reaction, the
0 —13 Ir—H singlet of 2 splits up into several singlets closely
spaced around 6 —13, which are ascribed to various analogues
of 2 in which methyl groups have, through the scrambling
reaction, replaced ethyl groups to various degrees. Since 2
contains two Et;Si— groups, there are a large number of Et/Me
combinations that can give rise to minor variations in the Ir—H
shifts.

Outside of the group of singlets centered around & —13, no
other Ir—H resonances are evident. Traces of siloxane
compounds are observed in the reaction, which must come
from hydrolysis of the silane by traces of water present to form
siloxanes and H,.”’" This observation led us to speculate
whether 2 was activated by water or H,. Indeed, the reaction in
the presence of H,O (2.6 mol %, 2 equiv) is greatly accelerated
and achieves complete scrambling of alkyl groups in only
10 min. Subsequent addition of more Me,EtSiH (75 equiv) to
this reaction mixture results in further scrambling to achieve an equi-
librium mixture within 10 min. During the catalysis, multiple
iridium hydride signals are again observed at ~0 —13. Carrying
out the scrambling reaction in the presence of either Et,O or Et;N in
place of water does not accelerate the reaction, suggesting that water
is not functioning as a Lewis base in accelerating the scrambling.

Since addition of water generates some H,, we further
investigated the scrambling under an atmosphere of H,.
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Remarkably, the redistribution of Me,EtSiH with 2 (1.3 mol %)
under H, (1 atm) proceeds to achieve complete scrambling in
less than S min. Upon addition of further Me,EtSiH (75 equiv),
the scrambling reaction resumes with a rate similar to the first
cycle.”” Dropping the catalyst loading to 0.25 mol % of 2 still
catalyzes redistribution of Me,EtSiH at 23 °C to yield an
equilibrium mixture of scrambling products in 20 min. Figure 2

60 -

T # No Additive
7 A T — complete  mH20(2eq.
m"’ 50 | & scrambling 2eq)
I
tg, 40 ® Et3N (2 eq.)
% Et20(2 eq.)
T 30 -
7]
s
& 20 A
w
) 10
3 i
£ ° I 4
0 T
[ = T T T T 1
0 0.5 1 1.5 2 2.5
time/h

Figure 2. Effect of additives on the rate of alkyl group redistribution of
Me,EtSiH with 1.3 mol % 2 at 23 °C.

summarizes the effects of additives on the redistribution
reactions shown in eq 4. On the basis of the results of screening
experiments, we conclude that the key to the acceleration of the
scrambling reaction is activation of 2 by H,.

Complex 2 (1.3 mol %) under H, (1 atm) is also highly
active for the catalytic redistribution reactions of Me,PhSiH
and Me,BzSiH at 23 °C, which result in mixtures of the silane
products in 0.1 and 0.8 h, respectively, as shown in eq 5, below

2,1.3 mol%

Me,RSiH RoMeSiH + Me,RSiH + Me3SiH (5)
(R =Ph, Bz) toluene-dg, H; (1 atm) 1 : 2 . 1
23°C,0.10r0.8h

(no R;SiH silanes, R = —Ph or —CH,Ph, were detected).
Interestingly, 1,4-bis(dimethylsilyl)benzene undergoes a selec-
tive disproportionation to afford a mixture of Me,SiH-(1,4-
phenyl)-SiMeH-(1,4-phenyl)-Me,SiH, 1,4-bis(dimethylsilyl)-
benzene, and Me;SiH in a ratio of 1.55:1.0:1.15 in 0.8 h
under the same conditions (eq 6).

e
—Si—@—Si—
[ |

2,1.3 mol% H H H H H
—_— —Si—O—Si—QSi— + —Si—©—5i— + Me;,SiH (6)
23°C,0.8 h | [ | | |
1.55 : 1.0 H

H, (1 atm) 115

NMR Investigations of the Catalytic Redistribution of
Me,EtSiH Employing 2 under H, (1 atm). We have
monitored the scrambling reaction of Me,EtSiH with 2 (0.9 mol %)
at —20 °C under H, (1 atm) by 'H NMR spectroscopy
(eq 7).The reaction yields 45 mol % conversion of Me,EtSiH
to Et,MeSiH (21 mol %), Me;SiH (21 mol %), and Et,SiH

2, 0.9 mol%

Me,EtSiH Et,MeSiH + Me,EtSiH + Me,SiH + Et;SiH (7)

toluene-dg, H, (1 atm) 21% 55% 21% 3%

20°C,4h

310

(3 mol %) as scrambling products in 4 b, in which only a single
signal at 6 —13.1 due to Ir—H for 2 appears throughout this
conversion (Figure 3).

50 -
45
40 - *
35 -
30 - **
25 - °
20 - **
15 - *
10 &
5 {/
0 > T T T T T 1

0 2500 5000 7500 10000 12500 15000

time/s

mol % (Et,MeSiH+Me;SiH+Et;SiH)

Figure 3. Plot of new scrambling products of Et,MeSiH (mol %)
versus reaction time at —20 °C under H, (1 atm), 0.9 mol % 2,
toluene-dg.

Upon warming to 23 °C, the singlet for 2 splits into several
singlets between 6 —12.7 and —13.1 over the course of 4.3 h. As
noted above, these closely spaced singlets are assignable to
analogues of 2 bearing different combinations of methyl and
ethyl groups due to exchange of the Et;Si— groups with
Et,MeSi, EtMe,Si—, and Me;Si— groups. These results again
imply that 2 is inactive and that the active species for the
catalytic scrambling can be generated from 2 under H, (1 atm),
even at —20 °C. The fact that no new Ir—H signals (in addition
to that 2 at § —13.1) appear during the catalysis at —20 °C
suggests that undetectable amounts of a highly active iridium
species are formed from 2 under H, (1 atm) and that this active
species is capable of redistributing alkyl groups faster than
trialkyl silyl groups scramble into 2 from Me,EtSiH, Et,MeSiH,
and Me,;SiH.

A series of NMR experiments were carried out to assess the
stability of the catalytically active species, as summarized in eqs 8
and 9. Me,FtSiH was treated with 2 (1.3 mol %) in toluene-dg

2,1.3 mol%

Me,EtSiH Et,MeSiH + Me,EtSiH + Me3SiH + Et;SiH (8a)
23°C, 4 min complete scrambling (trace)
H, (1 atm)

1) purged with Ar 2) Me,EtSiH (75 equiv)

trace scrambling (8b)

23 °C, 5 min 23 °C, 20 min
H, (1 atm)
Et,MeSiH + Me,EtSiH + Me;SiH + Et;SiH (8c)
<20 min complete scrambling (trace)
1) Hy
2
-25 °C, 5 min
2) purged with Ar Me,EtSiH (75 equiv)
complete scrambling (9)
-40 °C, 5 min -40 °C — 23 °C, 10 min

under 1 atm H, at 23 °C (eq 8a). Scrambling was completed
in 4 min. At that point the solution was purged with argon
for S min to remove excess H,. An additional 75 equiv of
Me,EtSiH was added to this solution and monitored by NMR
spectroscopy over 20 min (eq 8b). Only a trace of additional

dx.doi.org/10.1021/cs200629t | ACS Catal. 2012, 2, 307-316
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Scheme 3. Stoichiometric Reaction of 2 with Et;SiD in a Ratio of 1:40 at 23 °C

H Ebn HIDEt2 HiD
Si + Et;SiD (40 equiv) IS
EtSi—ir_ Ir—siEty Bt,Si—ir{  JIr—SiEty + Et;SiH (2 equiv)
‘ Si | 23°C, ~12 min | Si |
H Et, H HIDEg, HID
2 2-dy
scrambling was observed. At this point, the solution was purged H Etn
with H, and rapid scrambling of the added Me,EtSiH was EtSSi—llr/ Ir—SiEt,
observed with complete equilibrium occurring in less than 20 min Ngi
(eq 8c). These results suggest that the active species decays rapidly L PPy

at 23 °C. To assess the lifetime of the active species at lower
temperatures, the following experiment was carried out (eq 9).
Since we have established that the active species can be generated
by reaction of 2 with H, at —20 °C (eq 7), a solution of 2 in
toluene-dy was purged with H, for S min at —25 °C,”* and the
temperature was lowered to —40 °C. This solution was then
purged with argon for S min to remove H,. To this solution was
added 75 equiv of Me,EtSiH. The solution was warmed to 23 °C
and examined by NMR spectroscopy. Complete scrambling was
observed. In contrast to observations above (egs 8a—c), these
experiments suggest that the active species has a significant lifetime
at low temperature. The pathway for decay of the active species is
not clear. One option is that it simply thermally decays to other
inactive species. A second option is that the active species is in
equilibrium with 2 and that removal of H, from solution drives the
active species back to 2. We favor the former explanation.”*

Silane and Hydrogen Exchange Experiments. Results
described above indicate that under catalytic conditions, the
scrambled trialkyl silanes produced get incorporated into 2 and
provide a number of alkyl-substituted analogues of 2 that
exhibit slight differences in chemical shifts of the Ir—H signals.
To test whether exchange of these groups are mediated by
the intermediate responsible for scrambling, we examined
exchange reactions of 2 in the absence of H,. The reaction
of 2 with Et;SiD (40 equiv) was carried out at 23 °C in
the presence of mesitylene (S equiv) as an internal standard
(Scheme 3).

The "H NMR analysis showed that ~2 equiv of Et;SiH was
eliminated from 2, accompanied by incorporation of Et;SiD
into 2, resulting in 2-d, in 12 min (Figure 4a). Unexpectedly,

*

Si-H

(b)

Jl ~45h

it oon)
Figure 4. '"H NMR (CcDy, 23 °C) spectra of 2 in the presence of
Et;SiD after 12 min (a) and 45 h (b). The growth in the Si—H signal
(6 3.98) at long times is the result of exchange with the Si—CH,
protons (see text).

H Etb y H Eby
+ Me;SiH (130 equiv) | /S'\| Si
_— Megsi—lr\ Ir—SiEt; + Me;Si—Ir Ir—SiMes (10)
23 °C, 20 min |L Si J{ }L\Si I!I
5127 E2 7 5430 Btz 7 5127
+ nEt;SiH

prolonged reaction times up to 45 h resulted in catalytic
exchange between D and the a-hydrogen on free Et;SiD to
produce HSi[C(H/D),CH,]; which is confirmed by 'H and
*H NMR spectroscopy (see Figure S17 of the Supporting
Information; also note the growth of the Si—H resonance in
Figure 4b resulting from exchange of Si—D with —SiCH,—).

The result of the Et;SiD exchange experiment in the absence
of H, shows that the silane exchange in 2 is independent of the
catalytic alkyl redistribution reaction. To further establish this,
we carried out exchange of Me;SiH with 2 in the absence of H,.
Treatment of 2 with 130 equiv of Me;SiH at 23 °C in C4Dg
results in incorporation of Me;Si groups into 2 as shown in eq
10. The new Ir—H signal appears at 6 —12.7 in 20 min together
with the observation of the Ir—H signal of 2 at 6 —13.0. Again,
this shows the exchange is independent of the alkyl scrambling
process. Reaction of 2 with D, (1 atm) in the presence of
Et;SiH (S equiv) has been found to give 2-d, and excess Et;SiD
in 5 min by ’H NMR spectroscopy (Figure Sa). This result
supports exchange of D, with the Ir—H of 2, followed by the
facile exchange between terminal triethyl silyl groups on 2 and
free Et;SiH at 23 °C. Further reaction up to 2 h does not bring
any remarkable change in the intensity ratio of the signals at
53.9 and § —12.9 (Figure 5b). The *H spectrum of the reaction
mixture in 0.5 b, after adding Me,EtSiH (30 equiv), exhibits
new “H signals at 6 4.25—3.75 and 6 0.61 as well as the signal
due to Ir—D at § —12.9 (Figure Sc). The § 4.25—3.75 signals
are assigned to Si—D resonances of scrambling products
containing Me;SiD, Me,EtSiD, and Et,MeSiD, and the 6 0.61
signal is attributed to deuterium incorporated into the
methylene groups of the silanes. This result is consistent with
the methylene exchange reaction described above.

Reaction of Me,EtSiH (80 equiv) with 2 under D, (1 atm)
has been carried out over the temperature range —70 to 23 °C
in toluene-dg to gain further insights into the exchange pro-
cesses in this system. The experiments are summarized in eq 11.
Exposure of the Me,EtSiH/toluene-dg/2 solution to D, at =70 °C
results in partial deuteration of Me,EtSiH over 15 min, but no
deuterium incorporation into 2. This experiment suggests that
D, reacts with 2 to produce the intermediate responsible for
alkyl silane redistribution and that this intermediate initiates
a catalytic exchange between Me,EtSiH and D, to yield
Me,EtSiD, even at —70 °C. Upon increasing the temperature
to —30 °C, the scrambling reaction of alkyl groups at silicon
occurs to yield Et,MeSiH(D) and Me,EtSiH(D), whereas

dx.doi.org/10.1021/cs200629t | ACS Catal. 2012, 2, 307-316
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Si-D / '!;‘ Ir-D (30 equiv.)
|
) N”v"mvr__\r/" '\,.f_,..v\_“,.w 23 OC, 05h (©

...

\I 50 4.5 4.0 35 3c
‘ PR b A I A el byt

——
..,.»J jW'WPWuWWWW,' et P i ot

abd e

23°C,2h (b)
]
I J 23 °C, 5 min (a)
WA / i i DY
9876543210 2 6 8 0 42 1 a6 a8 2 2 24
f1 {pprm)

Figure 5. ’H NMR (C¢Hg) spectra of 2 under 1 atm of D, in the presence of Et;SiH (S equiv) at 23 °C after § min (a), after 2 h (b), and followed

by addition of Me,EtSiH (30 equiv) (c).

2,1.3 mol% Me,EtSiH (~ 70 equiv)
Me,EtSIH —MMm™™88 ™8 > +
toluene, D, (1atm)  Me,EtSiD (~7 equiv)
-70 °C, 15 min

————— > Et;MeSiH + Me,EtSiH + Me;SiH
-30°C~0°C + Et,;SiH (trace)

complete alkyl redistribution + 2-d, (11)
~23°C

deuterium incorporation into 2 is still not observed by *H NMR
spectroscopy, even at temperatures up to 0 °C. Eventually, 2-d,
begins to appear at ~23 °C, at which point the alkyl redistribution
reaction has been completed. Complex 2 under D, (1 atm) in
toluene-dg shows no deuterium incorporation between —70 and
0 °C. Upon warming the solution to 10 °C, 2-d,, is formed via
exchange with D, (Figure 6).

At this point, we can summarize the implications of the
above experiments as follows: (1) Complex 2 is activated by H,
to yield low levels of a very highly active species, which
catalyzes redistribution of alkyl groups in trialkyl silanes. A Si—
H group is required for scrambling. (2) The lifetime of the
active species is quite short at 23 °C, but has a significant
lifetime (at least minutes) at low temperatures (—40 °C to —20 °C).
Concentrations of the active species cannot be built up by

extensive purging with H,, and the decay pathway of this
species is unknown. (3) Exposure of complex 2 to silanes results in
exchange in the absence of H,. This exchange reaction does not
proceed through the active species responsible for alkyl
redistribution. (4) The iridium hydrides in 2 exchange with D,
at 23 °C in the absence of added silanes. (S) The species active
for alkyl redistribution can also catalyze D, incorporation into
silanes faster than D, can be incorporated into silanes via, first,
deuteration of 2 then transfer of deuterium to free silanes via
silane exchange with 2. The remaining major question is what is
the active species? We can only speculate at this point, but in light
of the results of Pannell and Ogino cited above and the require-
ment for an Si—H group for alkyl redistribution, it seems likely
that an unstable but highly reactive iridium trialkylsilyl dialkyl-
silylene complex is formed, which can undergo rapid exchange of
trialkyl silanes with iridium trialkylsilyl hydrides in addition to
rapid, effectively degenerate, 1,3-migrations of alkyl groups
between the silicon centers of the dialkyl silylene and the trialkyl
silane. One possible pathway to such a reactive species is shown in
Scheme 4. Hydrogenolysis of the bridging Ir—Si bond by H, could
produce the monobridged complex A. The a-elimination of Si—H
would split A into the monomer units, B and C, shown. It is easy

Ir-D
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Figure 6. “H NMR (toluene) spectrum of 2 under D, (1 atm) at variable temperatures.
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Scheme 4. Possible Mechanism of the Ir-Catalyzed Redistribution of Trialky Silane

Et, Et
Et,S F/Si\:r SIEt i Et,Si— H’Si‘zlle E
i—Ir. r—Si > i—Ir. r—SiEt
TN TN
H g, H Et,
2 A
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of Si-H
Et,SiH R,SiH
! ./ I |
EtZSi:Ilr—SiRs -~ EtSi=Ir—SiEt; < = Et;Si—Ir—SiEt,H
| | -H, H |
H H
B Cc
1,3-mig.
RsSiH REt,SiH
I \___ I
REtZSi—llr‘ZSiRz = R;,Si—lll‘ZSiRz
H H
to imagine that B could exhibit facile silane exchange reactions and we M *
either B or C could catalyze D, exchange with silanes. \Si\M
DFT calculations were carried out on a model complex, H\||,[\ r Me. M€ e
, , . . ) ) Me Me HT Ssi N
Ir(SiMe;)H,(SiMe,), 3, for B, Ir(SiEt;)H,(SiEt,), in which ethyl \Si/ Me Si
groups were replaced by methyl groups to probe whether the H\|| Ve H\I|r
barrier for 1,3-alkyl migrations in such species was sufficiently low " /"\s_/Me e Ng—me (12
to be consistent with experimental observations. Calculations were /'\Me a6t ,
performed with the Gaussian 09 suite of programs” with a tight Me Me
self-consistent field convergence threshold for both gradient and ! s !
wave function convergence. Several geometric isomers are possible time scale of minutes in intermediates formed from 2 in low
for complex 3. We have considered all possible isomers to identify concentrations.
the optimized structure of 3: a distorted “see-saw”-like octahedral
structure with two empty cis sites, a tetrahedral structure, and a B SUMMARY
square planar structure. The tetrahedral structure is paramagnetic
quare p - P &n A highly active catalytic system has been developed for alkyl
so it was excluded. Two minima were found, I and II, both seesaw A 3 > ‘ - -
. . . o redistribution reactions of trialkyl silanes. The binuclear iridium
structures which differ in the H—Ir—H bond angles (85° and :
o . . . complex, 2, can be conveniently prepared from [Ir(COE),Cl],
178°) (see the Supporting Information). Frequency calculations . ) . .
- S - and triethyl silane. Under 1 atm H,, a small fraction of 2 is
were carried out on all minimum structures, and all the resulting . . .

) o - o converted to a highly active species that catalyzes the alkyl
frequencies had pos_ltlve values. Al g.eometnes were fully op med redistribution reaction. For example, 0.25 mol % 2 under 1 atm
at the' DF ’71;12\0761 using both the hybrid B3LYP exchange con;latlon H, converts Me,EtSiH to a thermodynamic mixture of all
functional . and the newly developed m0.6-2x methods.™ The possible trialkyl silanes in ~20 min at 23 °C. Similar rates of
double-{ quality 6-311+G* and LanL2DZ basis sets were employed scrambling were observed for Me,PhSiH and Me,BzSiH. A Si—H
for the lighter nonmetallic atoms in ligands (C, Si, and H atoms) functionality is required; tetraalkyl silanes are not scrambled.
and the Ir atom, respectively. A relativistic effective core potential The nature of the reactive intermediate could not be
(ECP) for the Ir atom replaces the inner core electrons, leaving the determined, but it is likely to be a monomeric iridium silyl
outer layer (55°5p°®) electrons and the (5d°) valence electrons.”>** silylene complex. DFT calculations suggest a very low barrier to
A continuum solvent model with a conductor-like polarizable 1,3-alkyl migrations required for alkyl redistribution catalyzed
continuum model of electrostatics (CPCM) was used to account for by such a silyl silylene complex.
solvent effects.*>

The calculated 1,3-methyl migration barriers (AG*) in the B EXPERIMENTAL SECTION

gas phase were 167 and 9.8 kcal/mol usi'ng B3LYP and'm06-2x General Considerations. All manipulations were carried
methods, respectively (eq 12). Corrections for solvation had out using standard Schlenk, high-vacuum, and glovebox techni-
little impact on the barriers, which were predicted to be 16.5 ques. Argon and nitrogen were purified by passing through
and 10.3 kcal/mol, respectively. These barriers correspond columns of BASF R3-11 catalyst (Chemalog) and 4 A
to half-lives for this process of ~0.1 s and 2 X 107° s, either molecular sieves. THF was distilled under a nitrogen atmo-
of which is fully consistent with migrations occurring on a sphere from sodium benzophenone ketyl prior to use. Toluene
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was passed through columns of activated alumina®*®” and

degassed by either freeze—pump—thaw methods or by purging
with argon. Benzene and acetonitrile were dried with 4 A
molecular sieves and degassed by freeze—pump—thaw methods.
Et;SiH, Me,EtSiH, Me,PhSiH, Me,BzSiH, and Et,SiH, were
dried with LiAlH, or 4 A molecular sieves and vacuum-
transferred into sealed flasks, except Me,PhSiH and Me,BzSiH.
Et,PhSiH was synthesized in 95% isolated yield by the reaction
of EtMgBr (2.2 equiv) with PhSi(OEt); (1 equiv) in refluxing
THE, followed by reduction by lithium aluminum hydride in
Et,0.% Unless otherwise stated, all of the other substrates were
purchased from Sigma-Aldrich and were used without
purification. Deuterated solvents (C4DsCD;, C¢DsCl, C¢Dg)
for NMR and pentane were dried with CaH, or 4 A molecular
sieves and vacuum-transferred into sealed flasks.

NMR spectra were recorded on Bruker spectrometers (DRX-
400, Avance-400, AMX-300, and DRX-500). 'H and *C NMR
spectra were referenced to residual protio solvent peaks. **Si{'H}
chemical shifts were referenced to external Et;SiH. Gas
chromatography was performed on a Varian 450-GC in
combination with a Varian 220-MS ion trap mass spectrometer
and was used for detection of ethane formed during the reaction
of 1 with Et,SiF.

Synthesis of Complex 1. Et;SiH (20 equiv, 0.4 mmol,
64 L) was added to a solution of [Ir(COE),Cl], (0.02 mmol,
18 mg) in 2 mL of benzene in a 25 mL Schlenk flask, and the
contents were stirred at 23 °C for § min. The volatile material
was removed to afford 1 as an analytically pure yellow oil (16
mg, 99%). "H NMR (C¢Dj, 400 MHz, 23 °C): § 1.09—1.05 (m,
60H, —SiEt;), —21.3 (s, 4H, Ir—H). *C{'"H} NMR (C¢Ds,
100.6 MHz, 23 °C): 6 11.5 (=SiEt;), 8.6 (—SiEt;). *Si{'H}
DEPT 45 (CDg 79 MHz, 23 °C): § 46.5 (—SiEt,). Anal.
Calcd. for C,,H,CLIr,Siy: C, 31.32; H, 7.01; Cl, 7.70. Found:
C, 31.07; H, 6.82; Cl, 6.80.

In Situ Synthesis of Complex 1’. Et,PhSiH (2.5 equiv,
0.05 mmol, 8.2 mg) was added to a solution of [Ir(COE),Cl],
(0.02 mmol, 18 mg) in 2 mL of toluene in a 25 mL Schlenk
flask at 0 °C, and the contents were stirred at 0 °C for 10 min.
The volatile material was removed to afford 1’ as a yellow oil
in quantitative NMR yield. '"H NMR (toluene-ds, 400 MHz,
23 °C, selected data): § 1.12—0.97 (m, 40H, —SiEt,Ph), —20.3
(s, 4H, Ir—H). *C{'"H} NMR (toluene-dg, 100.6 MHz, 23 °C,
selected): 6 11.0 (—SiEt,Ph), 8.4 (=SiEt,Ph). *Si{'H} DEPT
45 (toluene-dg, 79 MHz, 23 °C): 6 —5.1 (—SiEt,Ph).

Synthesis of Complex 2. A solution of 1 (0.02 mmol,
18 mg) in the presence of Et;SiH (10 equiv, 0.2 mmol, 32 L)
in 2 mL of toluene was allowed to heat at 60 °C for 1 h. The
volatile material was removed to afford 2 as a red oil (83%
NMR yield based on an internal standard, mesitylene). Et;SiCl
and ethane as side products were observed by *Si{'H} NMR
and GC/MS spectroscopy, respectively. 'H NMR (toluene-ds,
400 MHz, 23 °C): § 1.32 (m, 12H, —IrSiEt,), 1.18 (br s, 26H,
—IrSiEt; and —IrSiEt,), 1.07 (m, 12H, —Ir—SiEt,), —13.0 (s,
4H, Ir—H). BC{'H} NMR (toluene-d;, 100.6 MHz, 23 °C): §
20.9 (-IrSiEt;), 162 (—IrSiEt,), 11.0 (—IrSiEt,), 9.5
(—IrSiEt;). Si{'H} DEPT 45 (toluene-dg, 79 MHz, 23 °C):
5 132.1 (=IrSiEt,), 22.0 (—IrSiEt,). 35.8 (Et;SiCl, volatile).

General Procedure for the Catalytic Redistribution of
Me,RSiH (R = Et, Ph, Bz) and 1,4-Bis(dimethylsilyl)-
benzene with 2 under 1 atm H,. Hydrosilane (1.5 mmol,
75 equiv) was added to a solution of 2 (0.02 mmol, 16 mg,
1.3 mol %) in 0.4 mL of toluene-ds or C¢D4 in a NMR tube
with a screw cap. H, (1 atm) was purged through the solution
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of 2 and silane at 23 °C for seconds. This mixture was allowed
to stand at 23 °C. The progress was followed by NMR
spectroscopy. The relative ratios of scrambling products were
calculated on the basis of the peak intensity of the 'H signal due
to —SiH or —SiMe.

For Me,EtSiH, '"H NMR (toluene-d,, 400 MHz, 23 °C,
selected data): § 4.03 (m, 1H, —SiH). *C{'H} NMR (toluene-
dg, 100.6 MHz, 23 °C): § 7.6 (—SiMe,Et), 5.9 (—SiMe,Et),
—5.4 (—SiMe,Et). ¥Si{'H} DEPT 45 (toluene-ds, 79 MHz,
23 °C): 5 —11.2 (—SiMe,Et).

For Et,MeSiH, 'H NMR (toluene-dy, 400 MHz, 23 °C,
selected data): § 3.93 (m, 1H, —SiH). *C{'H} NMR (toluene-
dg, 100.6 MHz, 23 °C): 6 7.8 (=SiEtMe), 4.1 (=SiEt,Me),
—-7.6 (=SiEt,Me). ¥Si{'H} DEPT 45 (toluene-d;, 79 MHz,
23 °C): 6 —5.6 (=SiEt,Me).

For Me,SiH, 'H NMR (toluene-d;, 400 MHz, 23 °C,
selected data): & 4.13 (m, 1H, —SiH). *C{'H} NMR (toluene-
dg, 100.6 MHz, 23 °C): § —3.1 (—SiMe,). ?Si{'H} DEPT 45
(toluene-dg, 79 MHz, 23 °C): § —16.4 (—SiMe;).

For Et;SiH, '"H NMR (toluene-dg, 400 MHz, 23 °C, selected
data): 6 3.79 (m, 1H, —SiH). *C{'H} NMR (toluene-dy, 100.6
MHz, 23 °C): § 8.0 (=SiEt;), 2.3 (=SiEt;). ¥Si{*H} DEPT 45
(toluene-dg, 79 MHz, 23 °C): § —0.1 (=SiEt;).

For Me,PhSiH, 'H NMR (toluene-d,, 400 MHz, 23 °C,
selected data): § 4.60 (m, 1H, —SiH). *C{'H} NMR (toluene-
dg, 100.6 MHz, 23 °C, selected): 6§ —4.1 (—SiMe,Ph). ?Si{'H}
DEPT 45 (toluene-dg, 79 MHz, 23 °C): § —17.2 (—SiMe,Ph).

For Ph,MeSiH, '"H NMR (toluene-d,, 400 MHz, 23 °C,
selected data): & 5.09 (m, 1H, —SiH). *C{'H} NMR (toluene-
dg, 100.6 MHz, 23 °C, selected): § —5.3 (—SiPh,Me). ¥Si{'H}
DEPT 45 (toluene-dg, 79 MHz, 23 °C): § —17.7 (=SiPh,Me).

For Me,BzSiH, "H NMR (C(Dy, 400 MHz, 23 °C, selected
data): 5 4.10 (m, 1H, —=SiH), 2.09 (m, 2H, —SiMe,Bz), 0.06 (s,
6H, —SiMe,Bz). *C{'H} NMR (C/D,, 100.6 MHz, 23 °C,
selected): & 24.1 (—SiMe,Bz), —4.9 (—SiMe,Bz). *’Si{'H}
DEPT 45 (C¢Dg, 79 MHz, 23 °C): § —12.5 (—SiMe,Bz).

For Bz,MeSiH, 'H NMR (C¢Dg, 400 MHz, 23 °C, selected
data): & 4.10 (m, 1H, —SiH), 2.09 (m, 4H, —SiBz,Me), —0.01
(s, 3H, —SiBz,Me). *C{'H} NMR (C¢Ds, 100.6 MHz, 23 °C,
selected): & 22.3 (=SiBz,Me), —2.9 (—SiBz,Me). Si{'H}
DEPT 45 (C¢Dg, 79 MHz, 23 °C): 6§ —8.3 (—SiBz,Me).

For 1,4-bis(dimethylsilyl)benzene, '"H NMR (C¢Dg, 400
MHz, 23 °C, selected data): § 4.61 (m, 1H, —SiHMe,—).
BC{'H} NMR (C(D4, 100.6 MHz, 23 °C, selected): § —4.1
(—SiHMe,—). ¥Si{'H} DEPT 45 (C(D, 79 MHz, 23 °C): §
—17.4 (—SiHMe,—).

For Me,SiH-(1,4-phenyl)-SiMeH-(1,4-phenyl)-Me,SiH,
"H NMR (C¢Dg, 400 MHz, 23 °C, selected data): § 5.12 (m,
1H, —SiMeH-), 4.61 (m, 1H, —SiHMe,—). *C{'H} NMR
(C¢Dg, 100.6 MHz, 23 °C, selected): § —4.2 (—SiHMe,—),
—5.4 (—=SiMeH-). Si{"H} DEPT 45 (C4Dy, 79 MHz, 23 °C):
6 —17.3 (=SiHMe,—), —17.8 (—SiMeH-).

General Procedure for the Catalytic Redistribution of
Me,EtSiH with 2 under 1 atm H, at —20 °C. Me,EtSiH
(2.2 mmol, 110 equiv, 0.29 mL) was added to a solution of 2 (0.02
mmol, 16 mg, 0.9 mol %) in 0.4 mL of toluene-dg in a NMR
tube with a screw cap at ~—70 °C. H, (1 atm) was purged
through the solution of 2 and Me,EtSiH at ~—70 °C for tens of
seconds. This NMR tube was quickly placed in the probe,
which was precooled to —20 °C. The reaction progress was
followed by '"H NMR spectroscopy. The relative ratios of
scrambling products were calculated on the basis of the peak
intensity of the 'H signal due to —SiH.
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General Procedure for the Reaction of 2 under 1 atm
D,, Followed by Addition of Me,EtSiH. Et,SiH (0.1 mmol,
S equiv, 16 uL) was added to a solution of 2 (0.02 mmol,
16 mg) in 0.6 mL of C¢H, in a NMR tube with a screw cap. D,
(1 atm) was purged through the solution of 2 and Et;SiH at
23 °C for seconds. This mixture was allowed to stand at 23 °C.
The progress was followed by *H NMR spectroscopy for 2 h,
and then Me,EtSiH (30 equiv) was added to the catalyst
solution under D, (1 atm) at 23 °C. The relative ratios of
scrambling products were calculated on the basis of the peak
intensity of the *H signal due to —SiD.

General Procedure for the Reaction of 2 under 1 atm
D.,. A solution of 2 (0.02 mmol, 16 mg) was added to 0.6 mL of
toluene in a NMR tube with a screw cap. D, (1 atm) was
purged through the solution of 2 at ~—70 °C for tens of
seconds. This NMR tube was quickly placed in the probe,
which was precooled to —70 °C. The reaction progress was
monitored by *H NMR spectroscopy at variable temperatures.

General Procedure for the Catalytic Redistribution of
Me,EtSiH with 2 under 1 atm H,, Followed by Purging
with Argon and Readdition of Me,EtSiH at 23 °C.
Me,EtSiH (1.5 mmol, 75 equiv, 0.2 mL) was added to a solu-
tion of 2 (0.02 mmol, 16 mg, 1.3 mol %) in 0.4 mL of toluene-
ds in a NMR tube with a screw cap. H, (1 atm) was purged
through the solution of 2 and Me,EtSiH at 23 °C for seconds.
This mixture was allowed to stand at 23 °C for 4 min to achieve
a complete scrambling and then was purged with argon at
23 °C for S min to remove residual H, in the NMR tube.
Another portion of Me,EtSiH (1.5 mmol, 75 equiv, 0.2 mL)
was added into this reaction mixture. Finally, the reaction
mixture was exposed to H, (1 atm) again for seconds at 23 °C,
and the reaction progress was followed by 'H NMR
spectroscopy. The relative ratios of scrambling products were
calculated on the basis of the peak intensity of the 'H signal due
to —SiH.
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